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A considerable number of publications exist which describe plant pro- 
teases, but our knowledge of the chemistry of these enzymes and their 
mode of action is scant. Except for the ferments of the group of papain- 
ases, which have been relatively well investigated, there are few experi- 
mental data on other plant proteases, so that classification outside of this 
group is, as yet, impossible. In the present paper some experimental data 
obtained with a new plant protease are reported which may be helpful for 
the purpose of classification. 

Botanical Data—The new ferment was isolated from the sap of the tree 
Hura crepitans (commonly known in Venezuela as jabillo) of the family of 
Euphorbiaceae. Proteases so far have been identified in three members 
of this family, Croton tiglium, Ricinus communis, and in the sap of Euphorbia 
palustris (1). 


EXPERIMENTAL 


Isolation—When the bark and roots of Hura crepitans are cut, a brown, 
turbid, and caustic sap appears (which the natives use to remove bad teeth). 
This sap is slightly acid and has a pH of about 5 to 5.5. Sap isolated dur- 
ing the dry season yields 20 per cent of residue on drying; during the rainy 
season, about 17 percent. It contains no caoutchouc. When centrifuged, 
the insoluble matter separates slowly and the supernatant liquid becomes 
clear; this, added to twice its volume of acetone, forms a white precipitate. 
The weight of the dried precipitate is 10.2 per cent that of the original sap. 
The precipitate was purified by re-solution and precipitation in the same 
manner. The resulting white powder is a protein and proteolytic enzyme 
herewith named “hurain.” All the experiments were made with this crude 
preparation. 

The insoluble matter, separated by centrifuging, was washed with water 
and recentrifuged until the wash water did not form a precipitate with ace- 
tone. The residue is a gray powder; its yield is 3 per cent of the crude sap. 
It may be further purified by solution in 1 N sodium hydroxide, filtration, 
and precipitation with acid. This purified residue shows the same pro- 
teolytic activity as hurain, and has been named “hurain 7” (insoluble). 

Chemical Properties—Hurain in aqueous solution is precipitated by satu- 
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ration with ammonium sulfate or sodium chloride; this precipitation is more 
complete if the solution is acid or alkaline. When alcohol is slowly added 
to an aqueous solution of hurain, precipitation begins when the alcohol 
concentration reaches about 30 per cent, and is completed when it reaches 
about 90 per cent. From acid solution, alcohol precipitates only part of 
the protein; the remaining fraction may be precipitated from the alcohol 
solution by neutralization. This fraction is also soluble in strong alkaline 
alcoholic solution. 

Hurain gives positive Millon, xanthoproteic, and biuret reactions. 
Mineral acids, picric acid, mercuric chloride, and 0.1 M silver nitrate pre- 
cipitate it. Sodium nitroprusside gives no color reaction with hurain. 
The iodine-azide reaction of Feigl for SH groups is positive, but this re- 
action is often positive for S—S groups too (2). When heated, hurain 
begins to coagulate at 90° and coagulates rapidly at 100°. 

The viscosity of a hurain solution depends upon the pH. In slightly 
acid solution it has a low viscosity. When very slightly alkaline, it rapidly 
becomes so highly viscous that it is comparable to a pectin solution. In 
strongly alkaline solution the viscosity decreases again. In 5M urea this 
change of viscosity is not observed. Similar observations have been made 
with gelatin solutions. In the latter case, too, urea inhibits the increase of 
viscosity which is observed normally when the solution is cooled (3). The 
hurain fraction which is soluble in acidified alcohol does not show this 
change of viscosity. 

Isoelectric Point—An attempt was made to determine approximately the 
isoelectric point of hurain by means of a method (4) based on the fact that 
invert soaps precipitate only the anions of proteins (5). A concentrated 
solution of the ferment was mixed with different buffer solutions (MclIl- 
vaine’s buffer) and a few drops of a 1:1000 invert soap solution (dimethyl- 
alkylbenzylammonium chloride) were added. The protein was precipi- 
tated between pH 4.25 and 4.6. The isoelectric point therefore probably 
lies between pH 4 and 5. 

Hurain i—The water-insoluble hurain 7 is soluble in 1 N sodium hydrox- 
ide and in a borate buffer of pH 9. When acidified, it precipitates im- 
mediately from these solutions, but cannot be precipitated by boiling or by 
saturation with ammonium sulfate. It is also soluble in acid alcohol, and 
is precipitated by neutralization. It also dissolves in strong urea solution, 
and precipitates when the solution is diluted. 

Hurain 7 is probably a secondary product. While the sap from the bark 
and roots of the tree Hura crepitans is turbid, the sap obtained from leaves 
and buds is clear and colorless but readily forms a white precipitate which 
has the same characteristics as hurain 7. A similar product is obtained 
from hurain which has been kept for some time in strong alkaline solution. 
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Proteolytic Properties—-To study the proteolytic properties, 10 per cent 
ferment solutions or the filtered sap (which also contained 10 per cent 
ferment) was used. To 0.25 ml. of these solutions, 0.25 ml. of activator or 
inhibitor solution, respectively, was added. The mixtures were kept at 
laboratory temperature (27°) for 24 hours. Then 9.5 ml. of the substrate 
solution were added and the whole mixture incubated at 37° for 6 hours. 
After this, formol titration was performed. As substrates, 2 per cent gela- 
tin solution and 2 per cent peptone solution (Witte’s peptone), which con- 
tained 10 per cent of 0.2 m dibasic sodium phosphate to adjust the pH 
to 8, were used. 

Results 
Table I shows a comparison of the activities of hurain and ficin, both as 


natural saps which had been adjusted to contain 10 per cent of ferment. 


TaBLe | 
Comparison of Activities of Hurain, Hurain i, and Ficin 


The values give the quantity of 0.1 Nn NaOH employed in the formol titration. 


Ferment Substrate | 0.1." NaOH 
mi. 
Ficus sap ; | Gelatin | 2.15 
ee Peptone 0.65 
Hura “ Gelatin 1.80 
ai . Peptone 1.59 
Hurain, 10% solution Gelatin 1.66 
* 10%=—Cti«SS Peptone 1.52 
= i, 10% suspension Gelatin 1.40 
1.31 


si “© 10% ” , Peptone 


The Ficus sap used was a commercial product. It had the same activity 
as fresh papaya latex in 1:1 dilution. It appears that the gelatin-splitting 
activity of hurain is somewhat lower than that of the ficin, while the pep- 
tone-splitting activity is higher. Activation of the Ficus sap upon peptone 
could not be produced to any measurable degree. 

Table II shows some results of investigations which were carried out in 
order to establish the activating and inhibiting action of a number of chem- 
icals. It is evident that activators and inhibitors of papainases are without 
effect. Only four substances were found to influence markedly the activity 
of hurain, silver nitrate, mercuric chloride, iodine, and nitrous acid. Green- 
berg and Winnick (6) have pointed out that these same substances inhibit 
the activity of solanain, a proteolytic enzyme from Solanum elaeagnifolium. 
Nitrous acid was found by Philpot and Small (7) to reduce the activity of 
pepsin by 50 per cent. A similar reduction has been proved for solanain 
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and hurain. These three ferments give a yellow color reaction with the 
reagent. 

Fig. 1 summarizes experiments to establish the optimum pH for gelatin- 
splitting of hurain. It was found to be approximately 8. 

Milk-Clotting Activity—For the clotting of milk by hurain, the simple 
relation E-t = K (where E is the quantity of ferment, ¢ the time necessary 
to clot a constant quantity of milk at a given temperature, and K the con- 
stant of the process), which has been shown to express the clotting process 


TaB_e II 
Effect of Some Activation and Inhibition Substances on Hurain 


The values are expressed in per cent of the value obtained with the pure enzyme. 








Substance Gelatin digestion Peptone digestion 
M 
Cysteine 0.1 98 101 
Hydrocyanie acid 0.1 102 106 
Hydrogen peroxide 0.1 100 OS 
Maleiec acid 0.1 97 6 
Phenylhydrazine 0.1 103 98 
Iodine. ...... 0.1 7 3 
Silver nitrate 0.02 8 18 
Mercurie chloride 0.02 3 5 
Nitrous acid 0.1 65 73 
2.0 
x= 
2 1.5F 
= 1.0} 
z 
: osb 
o 0.5 
ye Se er a ae 9 
pH 


Fig. 1. Hydrolysis of gelatin mixtures, pH 2 to 9, by hurain 


of chymotrypsin, applies, while the formula derived by Balls and Hoover 
(8) for papain does not. 

The milk-clotting power of hurain is very low compared with its gelatin- 
and peptone-digesting activity. Fresh hurain has 5 milk-clotting units per 
gm. as defined by Balls and Hoover, if 5 ml. of milk are used at a tempera- 
ture of 30°, and 30 units per gm. at 40°. For activated papain the corre- 
sponding values are 200 units per gm. at 30° and 300 units per gm. at 40°. 
Curve 1 in Fig. 2 expresses graphically the milk-clotting process of hurain 
and Curve 2 that of papain. 

Action on Intestinal Parasites—Intestinal parasites are not attacked by 
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the proteolytic enzymes of the intestinal tract, owing to an antiferment 
which nullifies the action of these ferments and protects the parasites from 
their action. It has been demonstrated in recent years that papainases 
are not inhibited in their activity by these antiferments and therefore can 
digest living Ascaris and other intestinal parasites (9). 

The action of hurain on Ascaris was determined by the following experi- 
ments. Three test-tubes were filled with 15 ml. of crude, unfiltered Hura 
sap and a fourth with crude Ficus sap. In the first tube were placed three 
living specimens of Ascaris lumbricoides from the human body; in the 
second, three dead worms of the same species; and in the third, three living 
earthworms. Three living Ascaris were put in the tube with the Ficus 
sap. All tubes were incubated at 37° for 18 hours. After this time the 
earthworms were dead and showed superficial ulcerations, while only one 
Ascaris had died and all appeared unattacked. The Ascaris in Ficus sap 








2 
0.5 ¢ 
3 0.4 fF 
S 
£& 0.3 F 
= 
ie 0.2 - 
Oo.l1 +} 
1 Curve l 5 10 cg. 
0.5 Curve 2 2.5 5 mg. 


Fic. 2. Relationship between clotting time (reciprocal) and amount of enzyme. 
Curve 1, hurain; Curve 2, activated papain. 


were strongly attacked and partly digested. The tubes were allowed to 
stand for 2 davs more. By then, the earthworms were almost completely 
digested, forming a slimy mass, while all Ascaris appeared unattacked, but 
dead. The Ascaris in Ficus sap were as completely digested as the earth- 
worms. It is evident from these experiments that hurain does not digest 
living or dead Ascaris, but digests earthworms. This difference certainly 
is due to the antiferments, characteristic of intestinal parasites like A scaris. 

Toxicity—Richet (10) studied the toxicity of the sap from Hura crepi- 
tans. He found that 0.1 ml. of the crude sap kills a rabbit within half a 
minute and that the toxic dose for dogs is 1 mg. of the crude protein derived 
from the sap per 100 kilos of body weight. This minimal dose killed the 
dogs within 3 days. He attributed this toxic effect to a toxalbumin which 
he named crepitin. 

To check the toxicity, ten mice were given orally 0.5 ml. of the filtered 
Hura sap by means of a stomach tube. All animals survived the adminis- 
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tration for more than 8 days. To ten other mice was given | ml. each. 
These animals died within 24 hours. Stomach and intestines were filled 
with a slimy brown liquid. Anatomical lesions could not be detected. 
These results are not conclusive for oral toxicity, because death may be 
caused in mice by 1 ml. doses of solutions which are osmotically active or 
not neutral (11). 

Of ten mice injected intraperitoneally with 0.1 ml. of the filtered sap, 
eight died within 24 hours, while of ten injected in the same way with 0.1 
ml. of the sap diluted 1:1, only one animal died within 24 hours. There 
were no anatomical lesions visible. In the course of 1 week the two re- 
maining animals of the first group and four more of the second group died. 
All had inflammation and necrosis in the peritoneum. All mice used in 
these experiments weighed between 16 and 18 gm. 

Four rabbits were given intravenous injections of | ml. of the filtered 
Hura sap. All the animals survived the observation period of 4 days. 
Two rabbits were injected intraperitoneally with 5 ml. of the sap. These 
also survived 4 days, but all the animals of both groups died within 2 
weeks. All the rabbits employed weighed between 1.5 and 1.7 kilos. The 
sap used in these experiments was collected in July. A sample obtained 
from the same tree in December was twice as toxic. 

As toxalbumins derived from Euphorbiaceae have the property of ag- 
glutinating red blood cells, the Hura sap was checked with respect to this 
activity. It was found to agglutinate rat blood cells in a dilution of 1:100- 
000. Washed cells from human blood are agglutinated by the sap diluted 
1:10 but not by a dilution of 1:100. No hemolytic action could be de- 
tected. 

There exists a marked discrepancy between the toxicity of Hura sap 
found by Richet in Brazil and by the author in Venezuela. In both cases, 
however, a retarded action of doses insufficient to cause an acute toxic 
effect has been established. It has been shown that the toxic and the 
blood-agglutinating principles of ricin are not identical (12). If this is 
also true for crepitin, it is possible that the toxic factor is absent from the 
sap of Hura of Venezuela and that the retarded toxicity is due to a distinct 
factor. If the toxic effect is due to the toxalbumin crepitin of Richet, 
it must be present in a concentration lower than 1~* gm. per ml. of sap. 


DISCUSSION 


The most important characteristics of hurain may be summarized as 
follows: chemical behavior like that of an albumin; maximum of activity 
in alkaline range; no inhibition by merely oxidizing agents like hydrogen 
peroxide; positive Philpot and Small reaction; inability to digest intestinal 
parasites. These properties distinguish it clearly from the papainases. 
In the incomplete literature available to the author there is no description 
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of a plant protease with such properties. Nevertheless, it seems probable 
that among the great number of vegetable proteolytic enzymes, mentioned 
in the literature without detailed description, there are some which may 
possess the above characteristics. It is very probable that solanain re- 
cently studied by Greenberg and Winnick (6) may belong to the same 
group as hurain, because it shows a positive Philpot and Small reaction and 
has its maximum of activity at pH 8.5. It may be worth while to check 
the similarity of some other plant proteases to hurain. Perhaps a new 
group of these ferments may be established similar to the group of the 
papainases, 

The papainases strongly resemble in their activity the catheptie fer- 
ments of animal origin. Vegetable ferments which are supposed to have 
analogous relations to pepsin have been found in Drosera rotundifolia (13). 
In the case of hurain a relation to trypsin may be suggested. All the ehar- 
acteristics summarized above are also true for trypsin. The reaction of 
Philpot and Small was checked for trypsin and found to be similar to that 
of hurain. Other characteristic properties of trypsin, especially the activa- 
tion by enterokinase and by Mg**, are as yet unchecked for hurain. As it 
is the purpose of this publication to describe some properties of the new 
enzyme which were easy and rapid to establish in order to find some even- 
tual relationship to other plant ferments, no attempt to purify the crude 
product was made, and therefore these properties have not yet been checked 
for hurain. 


SUMMARY 


A new proteolytic enzyme, named hurain, has been isolated from the tree 
Hura crepitans. Some of the properties which distinguish it clearly from 
the papainases are described. A possible relationship to trypsin is dis- 
cussed. 
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Previous papers have shown that trypsin is very active in releasing his- 
tamine from the living tissues (1, 2). This would suggest, as indicated 
before (3), that histamine is bound to cells forming peptide linkages with 
the amino acid chain of cell proteins. On the other hand, the fact that 
chymotrypsin is very ineffective in releasing the histamine,' would indicate 
that the linkages of this substance with the cell proteins display a certain 
specificity toward proteolytic ferments. Among the innumerable peptides 
tested by Bergmann and his associates (4, 5), only a few are split by trypsin: 
benzoyl-l-argininamide, benzoy]-l-lysinamide, hippury]-l-argininamide, and 
hippuryl-l-lysinamide. Trypsin is a proteinase which attacks a peptide 
linkage involving the carboxy] group of a basic amino acid. Consequently, 
we might conclude that the linkage of histamine with the cell proteins is 
of the amide type, the next amino acid residue being either arginine or 
lysine. A further step presented in this report has been to fractionate 
papain and to show that its histamine-liberating activity at pH 7.3 to 7.5 
runs parallel to its benzoyl-l-argininamide-splitting component. 

The methods developed by Bergmann and his associates (6), which have 
been used in the following experiments, proved rather successful, despite 
the fact that the bindings of histamine with the cell constituents are labile 
and by no means realize the conditions of simple stable substrates, such as 
those used in the study of proteolytic enzymes. Furthermore, the amounts 
of histamine to be liberated are so small that one has to use a biological 
test to detect them; consequently, one has to compare results obtained with 
purely chemical methods with those obtained in biological experiments. 
The results presented in this paper, however, show that quite clear informa- 
tion can be gathered from the application of methods of enzymatic chemis- 
try to the solution of problems of liberation of biologically active substances. 


Material and Methods 


The papain preparation used was obtained by purification of a crude 
dried latex, according to the procedure described by Irving, Fruton, and 
Bergmann (7). A stock solution of papain was prepared by dissolving 


1 Rocha e Silva, M., unpublished results. 
9 











10 HISTAMINE AND PROTEOLYTIC ENZYMES 


200 mg. of purified papain in 25 cc. of saline. The protein nitrogen content 
of this preparation was 2.6 mg. per cc. From this solution, 2.5 ec. were 
transferred to a 5 cc. volumetric flask and 1 cc. of cysteine solution (0.5 
mM) + 1.5 ec. of phosphate (pH above 6) or citrate (pH below 6) buffer 
was added. 

The enzymatic experiments were performed in 2.5 ec. volumetric flasks 
containing 0.5 to 1 ec. of the papain-cysteine solution, 1.25 mm of substrate,” 
and 0.3 ec. of the corresponding buffer solution. The final concentration 
of cysteine in the solution was 0.04 mM perce. The flasks were incubated 
at 39° and samples of 0.2 cc. were taken at varying intervals for estimation 
of the free carboxyl groups by the Grassmann-Heyde method (8). 

From each analysis the first order constant K = 1/t log a/a — x was 
determined and the average K of three or four determinations with the 
same substrate was used to calculate the respective proteolytic coefficient 
(Caaa, Cerca, Cra, ete.). The value of Cy was calculated by dividing the 
average constant K by the concentration of the enzyme, expressed in mg. 
of protein nitrogen contained in | cc. of the solution (for more details, 
see (6)). 

The histamine experiments were performed according to the method 
previously described (2). Into each of three or four flasks were put | cc. 
of papain solution and 1 ce. of saline. Samples of 7 to 8 ec. of heparinized 
rabbit blood, obtained by heart puncture, were added to each flask. After 
standing 5 to 10 minutes at room temperature and 3 minutes at 38°, the 
samples were centrifuged and 2 cc. of the supernatant plasma added to 4 ce. 
of trichloroacetic acid. A 2 cc. sample of total blood was also taken. The 
histamine extraction and estimation were performed according to Code’s 


method (9). 
Results 


Tissue cathepsins and papain are complex mixtures of proteolytic en- 
zymes which split innumerable peptides of the most varied type (10). 
To study the possibility of applying to the histamine problem the methods 
of enzymatic chemistry, we have chosen papain as a representative of this 
group of enzymes. As is well known, tissue cathepsins are almost inactive 
above pH 6. Papain, being a vegetable cathepsin and having many 
of the components of animal cathepsins, is still fairly active at pH 7 to 7.5. 
As shown in Fig. 1, papain-cysteine has two definite optima, one around 
pH 5 and the other around pH 6.8 to 7. At pH 7.3 to 7.5, papain-cysteine 
splits benzoyl-l-argininamide very quickly, carbobenzoxyisoglutamine, 


* Most of the substrates used in the following experiments were prepared by one 
of us in Dr. M. Bergmann’s laboratory at The Rockefeller Institute for Medical 


Research, New York. 
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Fic. 1. Influence of pH on the splitting of benzoyl-l-argininamide (continuous line) 
and carbobenzoxyisoglutamine (dotted line) by papain-cysteine. At the ordinates 
the proteolytic coefficients are shown (Cg, and Ceyq), and at the abscissas the pH. 


TaBLe I 
Splitting of Different Substrates by Papain-Cysteine, at pH 7.3 to 7.6 


Enzyme concentration, 0.13 mg. of protein N per ce. 





Substrate Time Hydrolysis | ieee 5 ree 





min per cent 
Benzoy]-l-argininamide 30 | 62 
40 | 7 
120 | 91 Cpaa = 1200 
Carbobenzoxyisoglutamine 80 29 
120 06|0—l(40 
150 49 Cag = 140 
Hippurylamide 75 14 
10 | 2 | Cy, =% 
l-Leucinamide 155 e] 
275 12 | Cy = 15 
Glycylglycine 110 | 1 
Carbobenzoxy-l-glutamyl-l-tyrosine | 1440 | 0 Ccer = 0 
Glycyl-l-leucine | 1440 | 0 cL =0 
Carbobenzoxy-l-leucylglycine 1440 | 0 Core = 0 
Chloroacetyl-l-tyrosine | 1440 | 0 Cor =0 
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hippurylamide, and /-leucinamide less quickly, and glycylglycine very 
slightly (Table I). Carbobenzoxy-!-glutamyl-l-tyrosine, carbobenzoxy-l- 
leucylglycine, and glycyl-l-leucine are not split by papain above pH 7. 


Taste II 
Liberation of Histamine from Rabbit Blood Cells by Papain 
Papain A was prepared directly from a fresh stock solution of papain. Papain B 
was prepared by treating 4 ec. of the stock solution of papain with 0.5 ec. of n NaOH. 
After 2 hours of contact, the solution was neutralized with n HCl and the cysteine 
solution and the phosphate buffer added. Papain C was prepared from a stock 
solution of papain which had been heated for 12 to 15 minutes at 52° or 2 hours at 39° 
(Experiment 8). 


CBAA Histamine content 


Experiment as = , 
"| papain A | Pepsin B| Papain c | Plasma + | Plasme + |Plaome +| Plasma +] Tota 
| y per cc. y per cc. y per cc. y per cc. y per cc. 
l 0.11 0.50 | 1.15 | 1.25 
2 0.11 0 1.10 2.20 1.15 2.00 
3 0.12 0 1.00 2.00 1.20 2.00 
4 633-41: @ 0.42 2.00 0.40 0.42 
5 | 0.12 oe | 68 0.25 0.90 0.27 0.90 1.00 
6 | 0.10 | O 0.10 0.30 1.40 0.60 1.30 0.94 
7 | 0.12 0.09 0.25 0.50 0.50 0.75 
8 0. 


12 | 0.10 | 0.25 | 0.50 0.50 | 0.75 


Taste III 
Liberation of Histamine from Rabbit Blood Cells by Dialyzed Papain 


Papain A was prepared from a fresh stock solution of papain. Papain B was pre- 
pared by dialyzing the solution of papain for 20 hours against distilled water in the 
ice box. 





CBAA Histamine content 
a Sy in a 
- Papain A | PapainB | Plsmat | Dasma x | pass b | Total blood 
¥ per cc. ¥y per cc. y per cc. Y per cc. 
1 | 0.20 0.75 0.62 
Z:- | 0.11 0.10 | | 0.75 
3 | @28 | | 0.50 0.60 | 0.60 
4 0.08 | 0.08 | 1.00 2.00 | 2.00 1.25 
5 0.11 | 0.06% | 0.42 2.00 | 0.80 | 1.20 
6 | 0.10 | 0.10 | O85 | 1.2 | 1.15 | 1.4 


* Dialyzed 48 hours in the ice box; the Cg,, of this solution of papain was abnor- 
mally low. 
As the experiments on histamine liberation ought to be done at a pH 


range (7.3 to 7.5) in which the curve of activity of papain-cysteine begins 
to decline, a certain variation in the values of the proteolytic coefficient 
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Cpaa Should be expected. This would explain small variations of the 
proteolytic coefficients as shown in Tables IT and III. 

The results presented in Tables II, III, and IV definitely show that the 
ability of papain to liberate histamine from rabbit blood cells runs parallel 
with the activity of its benzoyl-l-argininamide-splitting component. This 
component is fairly resistant to heat; as shown in Table IT, heating papain 
at 52° for 12 to 15 minutes does not change the activity of the enzyme 
upon benzoyl-l-argininamide or its histamine-liberating capacity. On the 


TaBLe IV 
Effect of Treatment of Papain with Isopropyl Alcohol on Histamine Liberation from 
Rabbit Blood Cells and Benzoyl-l-argininamide-Splitting Activity 

Papain A was prepared directly from a stock solution of purified papain containing 
200 mg. of papain per 25 cc. of saline. From this solution 2.5 cc. were transferred to a 
5 ec. volumetric flask and 1 cc. of cysteine solution + 1.5 cc. of phosphate buffer was 
added. Papain B was prepared by treating 10 cc. of the stock solution of papain 
with 20 cc. of chilled isopropyl alcohol; after 15 minutes at 4°, the precipitate was 
collected by centrifugation and redissolved in saline. After two or three precipita- 
tions with isopropy] alcohol, the volume was made up to the volume of the original 
stock solution. From this solution, 2.5 ec. were transferred to a 5 cc. volumetric flask 
and | cc. of cysteine solution + 1.5 cc. of phosphate buffer was added. Temperature 
of the bath, 39°; final pH, 7.3 to 7.5. 


CBAA Histamine content 


Plasma + | Plasma + Plasma + Total blood 
| 





Experiment No. |—— 























Papain A | PapainB saline | Papain A Papain B 

| “ey y per ce. y perce. + per ce. | y per ce. 

1 0.120 | 0.05 | 004 | 0.46 0.15 0.52 
2 0.081 | 0.066 | 0.2 | 0.81 0.74 | 0.63 
3 0.120 | 0.00% | 0.30 | 1.25 | 0.80 | 1.70 
4 0.088 | 0.056 | 0.12 | 1.25 0.85 | 1.80 
5 0.096 | 0.01 | 0.26 | 0.56 | 0.35 | 0.90 
6 0.093 0.040 0.26 | 0.65 | 0.35 | 0.90 
7 0.086 | 0.061 ss | 32 i 2a 1.80 
Averages...) 0.097 | 0.059 | 0.23 | 1.16 | 0.82 | 1.18 

Histamine B 0.82 — 0.23 


= 0.62. 





Caaa/Ciaa = 061. Histamine A 1.18 — 0.23 
contrary, contact with n NaOH, for $ to 1 hour, was enough to destroy the 
benzoyl-l-argininamide-splitting component and at the same time its 
histamine-liberating activity. Furthermore, we have verified that dialysis 
against distilled water does not interfere with the papain-cysteine com- 
ponent which splits benzoyl-l-argininamide, but definitely lowers the ac- 
tivity of papain toward /-leucinamide, the Ci, dropping from a value of 
0.0015 to 0.0007. At the same time, the liberation of histamine by papain 
is not altered appreciably by dialysis against distilled water (Table ITI). 
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That the liberation of histamine does not run parallel with the activity 
of the papain component which splits carbobenzoxyisoglutamine is shown 
in Table V, since treatment with isopropyl alcohol does not change very 
conspicuously the activity of papain-cysteine toward carbobenzoxyiso- 
glutamine. There is no correlation between the changes of the proteolytic 
coefficients toward benzoyl-l-argininamide (Cg,a,4) and carbobenzoxyiso- 
glutamine (Cerg). This shows that the papain component which splits 
the former at pH 7.3 to 7.5 is not identical with the component which splits 
the latter. As shown in Table V, the quotient C3aa/Core = 6.3 before 


TABLE V 
Proteolytic Coefficients of Papain-Cysteine towards l-Argininamide 
and Carbobenzoryisoglutamine 
Papain A was prepared from a fresh stock solution of papain, while Papain B 
was prepared after three precipitations of the same solution by isopropyl alcohol, 
as indicated in Table IV. 


CBAA CCIG 
Papain A Papain B . Papain A Papain B 
0.096 0.040 
0.093 0.040 0.020 0.013 
0.088 0.056 0.013 0.016 
0.106 0.055 0.011 0.014 
0.081 0.066 0.020 0.015 
0.115 0.061 0.011 0.014 
0.106 0.060 0.020 0.015 
0.112 0.053 0.015 0.012 
0.130 0.065 
0.086 0.061 
Averages. . 0.101 0.056 0.016 0.014 


treatment with isopropyl alcohol; after three precipitations with isopropyl 
aleohol, the quotient CBaa/Cé1a = 4. 

The data presented in Table IV, however, show that treatment of papain 
with isopropyl alcohol lowers at the same rate (0.61 and 0.62) the activity 
of the enzyme both in splitting benzoyl-l-argininamide and in releasing the 
histamine from rabbit blood cells, this being strong suggestive evidence 
that both activities depend on the same papain component. 


DISCUSSION 


There are substantial proofs that the histamine linkages with the cell 
constituents can be ruptured by proteolytic enzymes which display the 
same specificity as trypsin. The possibility that in several cases the nor- 
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mal cellular cathepsins might be the agent of histamine liberation would 
induce one to study the histamine-liberating activity of these complex 
proteolytic enzymes. Unfortunately, animal cathepsins are almost 
inactive at the pH of blood, which makes them unsuitable for experiments 
on histamine liberation from living tissues. The study of a vegetable 
cathepsin like papain gave satisfactory results. Papain is a mixture of 
proteolytic enzymes which display specificities somewhat similar to those 
shown by animal cathepsins. Papain has a pH optimum around 5, and 
needs activators such as HCN, cysteine, ascorbic acid, etc., exactly as 
the usual animal cathepsins do. It has been possible to identify in papain 
a proteolytic component similar to Cathepsin II (which splits benzoyl-- 
argininamide), another similar to Cathepsin III (which splits /-leucin- 
amide), and another similar to Cathepsin V (which splits carbobenzoxyiso- 
glutamine). Papain is unable to split glycyl-l-leucine, and under the 
conditions of our experiments it did split hippurylamide slightly and 
glycylglycine very slightly (at pH 7.3 to 7.5). The great advantage 
offered by papain over animal cathepsins is the fact that it still retains an 
appreciable part of its activity at pH 7.4. The splitting of benzoyl-l- 
argininamide at this pH is fairly rapid, while animal cathepsins prepared 
according to the method of Anson (11) lose their activity almost entirely 
when the pH of the medium is maintained above 6. In consequence, 
papain can be used as a cathepsin model when the experiments must be 
performed at pH 7.4, as in those with rabbit blood. 

We have been able to show that the histamine-liberating activity of 
papain does not show any relationship to its capacity for splitting /-leucin- 
amide, glycylglycine, glycyl-l-leucine, carbobenzoxy-l-glutamy]-l-tyrosine, 
or carbobenzoxy-l-leucylglycine. On the other hand we have shown that 
submission of papain to several treatments, such as dialysis against dis- 
tilled water, heating to 52° for 15 minutes, and contact with Nn NaOH, 
destroys some of its proteolytic components and that its capacity for split- 
ting benzoyl-l-argininamide disappears at the same rate as its histamine- 
liberating activity. This shows a definite parallelism between the activity 
of the enzyme in splitting this substrate and in liberating histamine from 
rabbit blood cells. Treatment of papain with isopropyl! alcohol lowered its 
activity in splitting benzoyl-l-argininamide, but did not markedly alter its 
activity in splitting carbobenzoxyisoglutamine; the effect of this treatment 
upon the histamine-liberating activity of papain was of the same order 
of magnitude as its effect upon the capacity for splitting benzoyl-l-arginin- 
amide. 

The problem presented in this paper, therefore, concerns the probable 
nature of the linkages holding histamine to the cell proteins. Besides the 
fact that the release of histamine runs definitely parallel to the activity of 
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papain in splitting benzoyl-l-argininamide, it is worthy of note that this 
substrate is a typical one for trypsin, which is one of the most active sub- 
stances in releasing the histamine from living cells. Chymotrypsin, which 
does not split this substrate, does not release histamine in appreciable 
amounts. 

Among the very few simple substrates which trypsin has been shown to 
split are hippuryl-/-lysinamide and benzoyl-!-lysinamide, which indicates 
that lysine, instead of arginine, might be the amino acid residue proximal 
to the peptide linkage ruptured by trypsin. In this sense, one might draw 
the provisional conclusion that histamine is bound either to arginine or to 
lysine in the amino acid chain of cell proteins. On the basis of this conclu- 
sion, one would expect that Cathepsin II would probably be the cellular 
‘athepsin component responsible for the release of histamine in the event 
that an abnormal activation of cellular proteinases is the primum movens 
of a discharge of this pharmacologically active substance. 


SUMMARY 


Papain-cysteine shows two optima of activity, at pH 5 and pH 6.8 to 7, 
when tested on synthetic substrates like benzoyl-/-argininamide and carbo- 
benzoxyisoglutamine. 

At pH 7.3 to 7.5 papain-cysteine splits benzoyl-l-argininamide, carbo- 
benzoxyisoglutamine, hippurylamide, /-leucinamide, and, very slightly, 
glycylglycine. The other substrates tested, namely carbobenzoxy-l- 
glutamyl-l-tyrosine, glycyl-l-leucine, carbobenzoxy-l-leucylglycine, and 
chloroacetyl-/-tyrosine, were not split by papain-cysteine in that range 
of pH. 

Papain was found to release histamine from rabbit blood cells to plasma. 
Dialysis against distilled water and heating at 52° for 12 to 15 minutes did 
not appreciably alter this effect of papain upon rabbit blood histamine. 
Treatment with NaOH definitely reduced to zero the ability of papain to 
release histamine. Several precipitations with isopropyl alcohol markedly 
reduced this capacity. 

The papain-cysteine component which splits benzoyl-l-argininamide was 
altered by the above treatment in a quite similar manner, which led to the 
conclusion that the histamine-liberating activity of papain runs parallel 
with its capacity for attacking the arginine-amide linkage. The com- 
ponents which split /-leucinamide and carbobenzoxyisoglutamine were 
altered differently by the same treatment. 

A provisional conclusion is drawn that histamine is present in the cell, 
forming an amide type of linkage, the proximal amino acid being either 
arginine or lysine. 
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TRANSAMINATION AND PROTEIN SYNTHESIS IN 
GERMINATING OAT SEEDLINGS* 
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The discovery of the transamination reaction by Braunstein and Kritz- 
mann (1) has led to the suggestion that this reaction is of major importance 
in protein metabolism in plant and animal tissues. Thus Virtanen and 
Laine (2) have postulated that in the leguminous plants the first amino acid 
synthesized is aspartic acid, which in turn participates in the synthesis of 
the remaining amino acids by transamination with the corresponding a- 
keto acids. Unfortunately, quantitative data for plant tissues in particular 
have been strikingly inadequate, not only for support of the more elaborate 
theories, but even for the mere demonstration that transamination occurs 
at an appreciable rate. On the whole the studies with plant tissues have 
suffered from a poor choice of material and experimental conditions, in 
addition to inadequate analytical methods. Thus Cedrangolo and Car- 
andante (3) reported that aqueous extracts of different seeds and germ- 
inated seedlings were most active in transaminating the system, a-keto- 
glutaric acid plus aspartic acid. The rates observed, however, were ex- 
tremely low and of questionable significance (4). The reverse reaction was 
not investigated. No transamination was observed to occur in Chlorella 
(4), but the experimental conditions employed were not optimum in view 
of the findings reported in this paper. 

Kritzmann (5) has reported the preparation of transaminating enzymes 
from animal and plant sources, and has found their properties to be similar. 
She has maintained the view that two transaminating systems exist, one 
concerned with glutamic (or a-ketoglutaric) acid, and the other with aspar- 
tic (or oxalacetic) acid. The latter system is reported by Kritzmann to be 
most readily prepared, free of the glutamic acid system, by extracting 
coarsely ground pea seedlings. Previous studies, however, by one of us 
(6-9) have led to the view that a single enzyme system is involved, the 
chief substrates for which are glutamic acid plus oxalacetic acid. 

In this paper experiments are reported in which the reaction 


a 
(1) U(+)-Glutamie acid + oxalacetic acid ——~ 
b 


a-ketoglutaric acid + l(—)-aspartice acid 








* This investigation was aided by a grant from the Jane Coffin Childs Memorial 


Fund for Medical Research. 
+t National Research Council Fellow in the Natural Sciences, 1942-43. 
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was quantitatively investigated in embryos from oat seedlings at various 
stages of germination. Simultaneous estimations of different nitrogen 
fractions of the embryos are also reported for the purpose of correlating 
transamination with protein metabolism. 


Procedure 


Preparation of Oat Embryos—Oat embryos used in the studies were pre- 
pared in the following way. Grains of Avena sativa L. var. Vicland were 
hulled, soaked in distilled water for 2 hours in the light, and germinated 
in the dark at room temperature for 24 hours. After germination, the 
grains were planted in beakers in contact with moist filter paper, as pre- 
viously described (10), to which distilled water had been added. The 
plants were then allowed to continue their growth in the dark. Imme- 
diately after the initial soaking period and at 24 hour intervals thereafter 
groups of seedlings were removed from the beakers and the embryos were 
carefully dissected from the endosperms. 

Preparation of Homogenates and Incubation Mixtures—Groups of 
embryos varying in number between ten and 100, depending on the age, 
were homogenized in ice-cold 0.1 Mm phosphate buffer with a stainless steel 
homogenizer. In most of the experiments the pH was checked and when 
necessary adjusted to pH 8.0 with 1 m sodium bicarbonate. In other 
experiments the desired pH was attained by using a phosphate buffer of 
approximately the desired pH and then adjusting as before. 

1 ml. samples of the homogenate were pipetted into test-tubes or 50 ml. 
flasks to which, in the case of the complete system (Reaction 1, a), the 
following additions were made, 0.3 ml. of 0.1 m glutamate and 0.3 ml. of 
0.1 m oxalacetate (or corresponding amounts of a-ketoglutarate and 
aspartate in the case of Reaction 1, b). The glutamate and oxalacetate 
were adjusted to the proper pH before use. The oxalacetate was added 
to the system after the homogenate plus glutamate was shaken for 10 
minutes at 38° to allow for temperature equilibration. The substrate 
concentration was 0.0187 m. The reaction was stopped, at the end of 
varying periods of incubation with continuous shaking, by the addition 
of 1.0 ml. of 10 per cent sodium tungstate and 1.0 ml. of 10 per cent sul- 
furic acid. 2.4 ml. of water were added to make a final volume of 6.0 ml., 
and the mixture filtered. 

Analytical Procedures—Aspartic acid formation was determined by the 
chloramine-T method previously described (7). Determinations were 
usually carried out in duplicate. For the estimation of a-ketoglutaric 
acid, the method of Krebs was employed (11). 

Total and soluble (non-protein) nitrogen was routinely determined on 
all homogenates and filtrates by a micro-Kjeldahl method in the usual way. 
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Results 


Comparison of Rate of Reaction 1, a by Aspartic Acid and a-Ketoglutaric 
Acid Determinations—The rates of Reaction 1, @ as measured both by 
aspartic acid and a-ketoglutaric acid formation with the same incubation 
mixture are shown in Table I. While the rates of transamination are 
lower than those shown in Fig. 2, which were obtained at pH 8.0, which 
is closer to the optimum pH of 8.6, the values obtained by the two methods 
show good agreement. The significance of the data in Table I is that, 
first, the two independent analytical methods yield the same results, 


TABLE I 


Rate of Transamination As Measured by Aspartic Acid and a-Ketoglutaric Acid 
Formation in Same Incubation Mizture 


2 hour-old embryos; pH 7.4. The per cent transamination was calculated on the 
basis of 672 microliters of added glutamic acid. 








Aspartic acid formation a-Ketoglutaric acid formation 
pace - —_—— —-—___—___——— |- a ey ENE ¥ ek Tas, 
t De evaly view : | | } | KK 
dime |_TOr sree —|Creeat | Mek" [Traneam| On, | Gat | 0s, | shaare | Team 
Average| blank | formed P uptake | 4P | acid 
win. | Be | SET Late Ga! ET | rome] ioe | wee | aiee | ieee pea 
15 | 744 749 615 | 134 19.9 | 116.5; 44 | 72.5! 145 | 21.5 
754 | | 
30 | 835 847 | 615 232 | 34.5 | 166.5 44 122.5 | 245 | 36.5 
858 
60 942 929 615 314 46.7 190.5 44 146.5 | 293 43.7 
915 | | 
120 985 986 | 615 | 371 55.2 | 222 44 178 | 356 | «(53.1 
955 | | | | | | 


1020 | | 


and second, that the course of Reaction 1, a is as depicted, and thus the 
measured rates in this system are not due to, nor influenced by, any 
secondary reactions which would serve either to utilize the substrates, 
glutamic and oxalacetic acids on the one hand, or the reaction products, 
aspartic and a-ketoglutaric acids, on the other hand. 

Effect of pH on Reaction 1, a—The effect of pH on Reaction 1, a (with 
embryos from grains soaked for 2 hours) is shown graphically in Fig. 1. 
It is seen that the optimum pH is at 8.6, with a relatively rapid decline 
in activity with both increasing and decreasing pH. This is somewhat 
in contrast to animal transaminase which shows an optimum activity at 
pH 7.5 (8), with a relatively slower decrease in activity with change in 
pH. Whether the optimum pH for these plant homogenates would obtain 
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~ 


On the other 


for more purified preparations, it is not possible to predict. 
hand, Kritzmann (5) has reported that the optimum pH for aqueous ex- 
tracts of pea seedlings is the same as that for animal preparations; viz., 7.4. 

Preliminary experiments in this study were carried out at pH 7.4 
because of Kritzmann’s findings (5) and those reported for animal transami- 
nase (8). However, as a result of the data shown in Fig. 1, all subsequent 
experiments were conducted at pH 8.0. The optimum pH was not 
employed, because it seemed desirable to use a phosphate buffer. 

Rates of Reactions 1, a and 1, b—The rates of Reactions 1, a and 1, b are 
shown graphically in Fig. 2. It is seen that Reaction 1, a proceeds at a 
relatively rapid rate initially and approaches more slowly an equilibrium 
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level after about 60 per cent transamination. Reaction 1, b reveals a 
much slower initial rate, the equilibrium level being reached after about 
20 per cent transamination. It is apparent that Reaction 1, a proceeds 
at a rate about 3 times as fast as Reaction 1, b. Values of this same order 
have been reported for purified transaminase from animal sources (8) and 
animal tissue homogenates (9). 

Changes in Transaminase Activity (Units) and Protein and Non-Protein 
Nitrogen at Different Stages of Embryo Development—The units of transami- 
nase activity present at different stages of embryo development are shown 
in Fig. 3. One transaminase unit is defined as that amount of enzyme 
which will produce 10 microliters of aspartic acid (or a-ketoglutaric acid) 
from a 0.0187 m concentration of glutamic acid plus oxalacetic acid in 15 
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minutes at pH 8.0 and 38°. 


Fig. 2. Rates of Reactions 1, a and 1, b. 
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In addition, protein nitrogen (total nitrogen 
minus soluble nitrogen) and soluble nitrogen (75 per cent of which is 
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Fic. 3. Changes in transaminase activity and protein and non-protein nitrogen at 
different stages of embryo development. 


pH 8; Reaction 1, a. 


amino nitrogen by the chloramine-T method) levels at the same stages are 


presented. 
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It can be seen from Fig. 3 that during the first 24 hours there is a slow 
and parallel increase in transaminase units, protein nitrogen, and soluble 
nitrogen levels. Between 24 and 48 hours, the soluble (or amino) nitrogen 
levels increase sharply. At about 48 hours, the transaminase units in- 
crease sharply. However, the protein nitrogen continues to increase 
at the same slow rate as during the first 24 hours up until the 72 hour 
stage. At this time the protein nitrogen levels rise sharply. Thus at 72 
hours the transaminase units and soluble (or amino) nitrogen levels have 
reached relatively high values, subsequent to which time the protein nitro- 
gen starts to increase rapidly. It would thus appear that the rate of 
protein synthesis is accelerated when the transaminase activity and the 
soluble (or amino) nitrogen values reach a certain level. It should be em- 
phasized that, between 24 and 72 hours, the rate of synthesis of transami- 
nase is more rapid than the rate of synthesis of total protein. This in 
itself suggests that there is a preferential synthesis of a key protein, 
transaminase, which either directly or indirectly influences the rate of 
total protein synthesis. After 72 hours the rates of transaminase synthesis 
and protein synthesis are parallel, again emphasizing the intimate associa- 
tion of these two constituents. It is at this 72 hour stage that other 
enzyme systems start appearing or enzyme systems already present in- 
crease markedly in activity (12, 13). 

It is of interest to note that after 72 hours the soluble (or amino) nitrogen 
levels continue to rise along with the protein nitrogen level. It might be 
expected that if the protein were being synthesized from the amino acids 
(soluble nitrogen) present the latter values would decrease. During these 
early stages, however, the soluble (amino) nitrogen keeps increasing because 
of the rapid rate of transfer of soluble nitrogen from the endosperm which 
rapidly loses its protein nitrogen and supplies it to the embryo (12). 
Thus we have the conversion of the endosperm protein to the embryo 
protein through the medium of soluble (amino) nitrogen. 

The function of transaminase thus might appear to be that of rearranging 
or interconverting the soluble (amino) nitrogen provided by the endosperm 
into the components necessary for synthesis of embryo proteins. The 
broader implications of this will be considered under the discussion. 

Qtransamination Values at Different Developmental Stages—A comparative 
measure of transaminase activity is conveniently expressed in terms of the 
conventional Qtransamination Values. However, since these values are usually 
expressed on the basis of the dry weight of the tissue, erroneous values are 
obtained with plants owing to the increasing amounts of supporting tissue, 
such as cellulose, with development. A more satisfactory basis for ex- 
pressing Qtransamination Values is on the basis of mg. of protein, since the latter 
more adequately reflects the metabolically active tissue of the plant. With 
this in mind, Qt-ansamination Values are presented in Table II both on a dry 
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weight basis (Qr) and on a protein basis (Q7:p,)) at different stages of em- 
bryo development. It is apparent from Table II that Q, values decrease 
with embryo development, while the Q,:p,) values increase. The latter 
values undoubtedly are a better reflection of the changes in transaminase 
activity than the former. 

The Qr:p,) values are remarkably high and indicate that at least in this 
plant tissue transaminase activity is not only high initially but actually 
increases about 4-fold after 120 hours. During the first 24 hours the 
values change -very little, but between 24 and 72 hours the values are 
tripled, while between 96 and 120 hours they are quadrupled. 

The Qr:p,.) value for Reaction 1, b in 2 hour-old seedlings is of the order of 
100. Calculation of the Qr:p,) values for the same reaction in extracts 
from pea and corn seedlings from the data of Cedrangolo and Carandante 
(3, 4) gives values of 1.1 and 3.8 respectively. 


TaB_e II 
Change in Qr and Qrypy,) with Time in Developing Oat Embryos 
microliters substrate transaminated 














Qr mg. dry weight X hrs. 
microliters substrate transaminated 
Qr(Pr.) = : 
mg. protein X hrs. 
Time Or Or Pr.) 
Ars. 
2 109 268 
24 158 295 
48 154 784 
72 94 805 
96 73 905 











The Qr:p,) values for plant tissue are more or less comparable with Q, 
values for animal tissue. In a comparison of the transaminase activity 
of animal and plant tissues it appears that in both cases there is a progres- 
sive increase with age (14). However, the values for the oat seedling are 
several times greater than those reported with the most active animal 
tissues. Thus pigeon breast muscle has a Qr value of 450. On the other 
hand, purified transaminase preparations from pig heart muscle have 
values of the order of 1650 (8). 


DISCUSSION 


The exact manner in which transamination can function in synthetic 
reactions of protein is as yet not clear. Two possibilities merit considera- 
tion. In the first place, if one considers protein synthesis to proceed 
by the reversed action of proteolytic enzymes, then it is difficult to see how 











26 TRANSAMINATION AND PROTEIN SYNTHESIS 


transamination can tie up directly with this process. On this basis one 
must assume that transamination serves the function of rearranging or 
interconverting the amino acid substrates in such a way as to insure the 
proper concentrations and kinds of amino acids. The two amino acids, 
glutamic and aspartic (and their corresponding amides and a-keto acids), 
are known to be of special importance in intermediary protein metabolism 
in plants (15, 16). Unfortunately little is known about the influence of 
individual or combinations of different amino acids on the synthetic reac- 
tions of protein. In the second place, the possibility exists that protein 
synthesis is not a simple reversal of proteolysis. 

The synthesis of peptides by condensation of glyoxals with amino com- 
pounds, followed by dehydrogenation and transamination, has been sug- 
gested by Linderstrém-Lang (17). More recently Herbst and Shemin 
(18) have actually demonstrated the in vitro synthesis of dl-alanylalanine 
from pyruvylalanine by non-enzymatic transamination in aqueous solu- 
tion and have presented an attractive scheme for biological peptide syn- 
thesis from keto and amino acids. This scheme complements the classical 
concept of peptide synthesis and is consistent with the findings of Schoen- 
heimer and his coworkers on the lability of the peptide link. The schemes 
of Linderstrém-Lang and of Herbst and Shemin possess features which 
are consistent with the facts presented in this paper, in addition to provid- 
ing a direct role for transamination in protein synthesis. Thus the fact 
that transaminase activity increases ahead of protein synthesis in the 
germinating oat seedling is in keeping with the above. Since an active 
carbohydrate metabolism makes its appearance in the germinating oat 
seedling at about the same time that the rate of protein synthesis increases 
rapidly (13), a ready source for a-keto acids and possibly glyoxals is 
provided. While it is not certain that glyoxals are normal metabolic 
intermediates, it has been shown that germinating peas and beans are 
capable of converting hexose diphosphate to methylglyoxal (19), and that 
this activity increases with time of germination. The apparent metabolic 
relationship of protein synthesis, carbohydrate metabolism, and transami- 
nation in the germinating oat seedling is thus in keeping with the above 
schemes. In assessing the possible réle of transamination in intermediary 
metabolism the schemes of Linderstrém-Lang and of Herbst and Shemin 
offer a more reasonable working hypothesis than the suggestion that 
transamination merely serves to rearrange or interconvert amino acids. 


SUMMARY 


1. The transamination reaction 
a 
(1) U(+)-Glutamiec acid + oxalacetic acid —— 
b 


a-ketoglutaric acid + Il(—)-aspartie acid 
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has been studied in homogenates of developing oat embryos. The opti- 
mum pH of the system is 8.6. Reaction 1, a proceeds at a rate 3 times as 
fast as Reaction 1, bd. 

2. Transaminase activity and non-protein nitrogen (75 per cent of which 
is amino nitrogen) increase more rapidly than total protein during the 
first 72 hours. After this time they increase at parallel rates up to 120 
hours. 

3. Qtransamination Values of oat embryos, calculated on the basis of protein 
content, increase with time and reach values of the order of 900 after 96 
hours development. 

4. The relationship of transamination to protein synthesis is discussed. 
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ACID-SOLUBLE PHOSPHORUS COMPOUNDS OF 
CEREBRAL TISSUE 
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Analysis of cerebral tissue after fixation in situ with liquid air (7) seems to 
offer the nearest presently available approach to the chemical composition 
of the brain in the living animal. Studies of acid-soluble phosphorus com- 
pounds by this method have demonstrated the presence of inorganic phos- 
phate, phosphocreatine, adenosine triphosphate, and possibly guanosine 
triphosphate (7, 9, 18). There still remains a quantity of organic acid- 
soluble phosphorus which has not been chemically identified. In a pre- 
vious paper (18) this was tentatively designated ‘“‘hexose phosphate.”’ 

The present paper describes an improved method for the separation 
and determination of the acid-soluble phosphorus compounds. The 
unidentified fraction has been found to include at least three substances, 
(a) one which behaves like hexose-6-monophosphate, (b) one which is 
thought to be aminoethyl phosphate, and (c) one which is ethanol-soluble 
and probably corresponds to a substance isolated from cerebral tissue by 
Booth (1). The revised method includes a procedure for the quantitative 
determination of ribose of the nucleotides or their decomposition products. 


Analytical Methods 


Determination of Phosphorus—The method of Fiske and Subbarow (5) 
has been adapted for use with the photoelectric colorimeter (Coleman 
universal spectrophotometer). 

Readings are taken at a wave-length of 750 mu, against a reagent blank. 
Under standardized conditions of temperature and time the optical density 
is strictly proportional to the phosphate concentration over the full range 
of the instrument. It has been found satisfactory to allow the color 
development to take place at room temperature, the readings being taken 
after a measured time interval: 33 + 3 minutes at 20°, 20 + 3 minutes at 
25°, 12 + 3 minutes at 30°, or interpolated values. Either sulfuric or 
hydrochloric acid may be used. 

For the determination of total phosphorus in the different fractions, ali- 
quots are digested with sulfuric and nitric acids (5, 18). Usually 1 ce. 
of 10 N sulfuric acid is used, with dilution to a final volume of 20 cc. for the 
color development. This is suitable for amounts of phosphorus up 
to 0.08 mg. 
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For all other phosphate determinations a final volume of 10 cc. is used, 
covering a range of 0.002 to 0.04 mg. of phosphorus. 

Ribose Component of Nucleotides—Bial’s reagent' can be used for the 
quantitative microdetermination of the pentose content of a trichloro- 
acetic acid filtrate. Such tissue extracts may contain several nucleotides, 
all of which upon heating in strong acid solution are hydrolyzed with the 
formation of ribose monophosphate, and which would therefore all give 
the same color intensity per mole when treated with Bial’s reagent. In 
addition, there may be small amounts of nucleoside or of free pentose in 
some specimens, but the pentose-containing substances present in normal 
brain tissue frozen in situ are precipitated as calcium salts by alkaline 80 
per cent ethanol, and therefore are thought to be nucleotides. 

A standard solution of adenosine triphosphate was prepared as follows: 
A trichloroacetic acid filtrate of fresh rabbit skeletal muscle was neutralized 
with calcium hydroxide, and ethanol added to 10 per cent. The pre- 
cipitate, containing adenosine triphosphate, was dissolved in a little 
hydrochloric acid and the nucleotide precipitated with uranyl acetate as 
described by Kerr (8). The precipitate was dissolved in a few dropsof 
1 Nn hydrochloric acid, diluted to a suitable volume, and standardized by 
determination of the purine nitrogen (8). The solution contained 0.0173 
mg. of purine nitrogen per ec., which corresponds to 0.0230 mg. of adeno- 
sine triphosphate phosphorus or 0.0077 mg. of ribose monophosphate 
phosphorus per cc. Determination of the acid-hydrolyzable phosphorus 
(10 minutes at 100° in 1 nN HCl) gave 0.0152 mg. per cc., in close agreement 
with the theoretical two-thirds of the adenosine triphosphate phosphorus. 
The solution contained inorganic phosphate from the muscle and a trace 
of “residual organic phosphorus” (probably hexose monophosphate). 

Suitable dilutions of this standard were prepared. To 3 ce. aliquots 
were added 6 cc. portions of Bial’s reagent. The tubes were heated in a 
boiling water bath, cooled, and read in the photoelectric colorimeter. It 
was found that full color intensity was reached after a 10 minute heating 
period, with no further change on heating for another 10 minutes. There- 
fore a heating period of 10 minutes was adopted as standard procedure. 
The transmittance curve showed a minimum at 680 mu. This wave-length 
was chosen for the readings, which were taken against a reagent blank. 
The optical density was found to be proportional to the concentration 
of the nucleotide over the full range of the instrument. 

For the determination, a suitable aliquot of the unknown solution is 
diluted to 3 cc. and heated with 6 cc. of Bial’s reagent as above. All 
results have been calculated as ribose monophosphate phosphorus, by use 


' Prepared by dissolving 200 mg. of orcinol in 56 cc. of concentrated hydrochloric 
acid and adding 0.2 ec. of 10 per cent ferric chloride. 
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of the proportionality constant derived from the determinations on standard 
solutions. The procedure is satisfactory over a range of 0.0004 to 0.004 
mg. of ribose monophosphate phosphorus. The constant must be deter- 
mined for the instrument used. The value found in this laboratory has 
been checked with a second standard solution prepared from rabbit muscle. 

Bial’s reagent darkens on standing, but tests with standard solutions 
showed that the intensity of color development at 680 my, as determined 
against a reagent blank, remains constant over a 10 day period. 

Tests on a solution of d-arabinose indicated that this pentose is not a 
suitable standard for the determination. The transmittance curve ob- 
tained was indistinguishable from that of the adenosine triphosphate 
standard, but the rate of color development was much slower, giving only 
68 per cent as high an optical density per mole after a 10 minute heating 
period, and 77 per cent after 20 minutes. 


EXPERIMENTAL 


Conditions for Separation of Nucleotides—In attempts to adapt the pre- 
viously described fractionation method (18) for use with the photoelectric 
colorimeter and to carry out further separations, it was found that the 
precipitation of adenosine triphosphate by calcium hydroxide was un- 
satisfactory. Further study was therefore made of the conditions re- 
quired for this precipitation. 

Trichloroacetic acid extracts were prepared from dog cerebral tissue 
frozen in situ. To each aliquot was added a weighed amount of finely 
ground calcium hydroxide not quite sufficient to neutralize the acid present, 
and the neutralization was completed by the dropwise addition of a 1 per 
cent suspension of calcium hydroxide to a pale pink phenolphthalein end- 
point. Different amounts of excess 1 per cent ca'cium hydroxide were 
then added as indicated in Table I. In order further to decrease the 
solubility of the precipitate, neutralized ethanol was added to a concen- 
tration of 10 per cent in every case, previous experiments having shown 
that this does not cause precipitation of any phosphocreatine. Various 
temperatures and time periods were allowed for the precipitation, as in- 
dicated in Table I. After centrifuging and washing, the precipitates were 
dissolved in dilute hydrochloric acid and the fractions analyzed. 

The results are presented in Table I. The addition of excess calcium 
hydroxide decreased the amount of acid-hydrolyzable phosphorus in the 
solution, while more inorganic, acid-hydrolyzable, and ribose monophos- 
phate phosphorus appeared in the precipitate. It is evident that in the 
presence of excess calcium hydroxide the adenosine triphosphate is slowly 
hydrolyzed, forming inorganic phosphate and adenylic acid. This reaction 
has previously been observed by Lohmann (11). The adenylic acid formed 





TaBLe | 
Precipitation of Cerebral Nucleotides by Calcium Hydroxide 
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Bcocn fn | - 
1 per cent “a . . 
Dog No. a(OH): Conditions of pptn. , : Nucleotide I Ribose Acid- 
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filtrate F ee Fam wl phate P lyzable P 
phosphate _lyzable 
| C mg. per mg. per mg. per meg. per mg. per 
. 100 gm. 100 gm. 100 gm 100 gm. 100 gm. 
12 0 1 hr. at 25° 8.0 5.0 9.7 3.9 7.3 
0.1 l me ig 9.1 6.2 12.8 2.6 2.4 
0.2 oO a 10.1 6.3 12.6 2.9 2.0 
0.3 ar Se 10.4 5.4 11.2 3.6 2.8 
1.0 5 FF Se 11.8 6.4 12.2 3.4 1.2 
shi @ Res 8.8 | 4.2 8.4 6.4 9.8 
0 18 hrs. at 10° 8.9 6.1 12.1 4.5 6.0 
0.15 } hr. at 25° 10.9 6.4 12.3 4.1 4.1 
0.15 1} hrs. at 10° | 10.1 7.0 14.4 3.5 2.1 
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Fig. 1. Outline of fractionation of acid-soluble phosphorus compounds 
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passes into the centrifugate. On the other hand, if the solution is not 
sufficiently alkaline, the precipitation of undecomposed adenosine triphos- 
phate is not quantitative and appreciable quantities of acid-hydrolyzable 
phosphorus appear in the centrifugate, as Kerr has recently pointed out 
(9). These conclusions have been confirmed by other experiments in 
which the precipitated calcium adenosine triphosphate was dissolved and 
reprecipitated in the presence of varying amounts of excess calcium 
hydroxide. A previously reported experiment of this type (18) showing 
complete precipitation could not be confirmed. 

The substitution of barium hydroxide for calcium hydroxide gave some- 
what variable results, but here also part of the nucleotide remained in the 
solution. The use of barium hydroxide was not further investigated. 

The procedure finally adopted for the separation, outlined in Fig. 1, 
reduces the solubility of the adenosine triphosphate to a minimum and 
provides a means of correcting for the small amount of decomposition 
which occurs. 


Fractionation Method 


Inorganic Phosphate and Adenosine Triphosphate—An approximately 
1:10 extract of the tissue is prepared with iced 5 per cent trichloroacetic 
acid as previously described (18). To a 20 ce. aliquot of the filtered 
solution in a short tapered centrifuge tube are added 2 drops of 0.1 per cent 
phenolphthalein and a previously weighed quantity of finely ground 
calcium hydroxide (about 200 mg.) almost sufficient to neutralize the acid 
present. The neutralization is completed to a pale pink by the dropwise 
addition of a 1 per cent suspension of calcium hydroxide. Neutral ethanol 
is added to 10 per cent, the end-point readjusted if necessary, and the tube 
allowed to stand in ice water for 15 minutes. It is then centrifuged and 
the solution decanted into another centrifuge tube. The precipitate is 
washed with 2 cc. of a calcium trichloroacetate-10 per cent ethanol solu- 
tion prepared by carrying out a blank precipitation, and the washings 
added to the centrifugate. 

The precipitate so obtained contains the inorganic phosphate and a 
large proportion of the adenosine triphosphate. It is dissolved in a few 
drops of 1 N hydrochloric acid and diluted to 10 ce. Inorganic phosphate 
is determined on a 1 ce. aliquot. A slight turbidity may occur in this 
solution but may be removed by centrifuging during the period of color 
development. The remainder of the solution is reserved for the determina- 
tion of nucleotides. 

To the centrifugate from the first precipitation, 0.1 volume of the 1 
per cent calcium hydroxide suspension is immediately added. The tube 
is allowed to stand in ice water for 1 hour, centrifuged, decanted, and the 
precipitate washed with 2 cc. of the wash solution to which has been 
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added 0.1 volume of 1 per cent calcium hydroxide. This precipitate 
contains the remainder of the undecomposed adenosine triphosphate, 
together with a small amount of inorganic phosphate which has been 
formed by the decomposing action of the calcium hydroxide. The pre- 
cipitate is dissolved in a few drops of 1 N hydrochloric acid and diluted to 
10 ce. Determination of the inorganic phosphate on a 2 cc. aliquot per- 
mits calculation of the amount of adenylic acid formed and carried over 
into the soluble fraction, since two of the three phosphate groups have 
been split off. 

Equal volumes of the two redissolved precipitates are mixed, and the 
following aliquots taken, 1 cc. for total phosphorus, | ec. for acid-hydrolyz- 
able phosphorus, and 0.4 ce. for ribose determinations. Acid-hydrolyz- 
able phosphorus is calculated as the difference between the amount found 
in the combined precipitates after acid hydrolysis (10 minutes at 100° 
in 1 N HCl) and the inorganic phosphate in the first precipitate, and 
needs no correction. To the ribose monophosphate phosphorus is added 
half the inorganic phosphate present in the second precipitate, which 
value corresponds to the amount of adenylic acid lost to the centrifugate 
through decomposition of adenosine triphosphate. 

The ‘‘residual organic phosphorus” in the combined calcium precipitates 
is calculated by subtracting the inorganic, acid-hydrolyzable, and un- 
corrected ribose monophosphate phosphorus from the total phosphorus 
in this fraction. 

Analysis of Soluble Fraction—The solution remaining after separation 
of the insoluble calcium salts is diluted to 32 ec. and the following aliquots 
taken, 2 cc. for phosphocreatine (6), 1 cc. for pentose, 2 ec. for acid- 
hydrolyzable phosphorus, and 2 ec. for total phosphorus determinations. 

Fractionation with 80 Per Cent Ethanol—A 24 cc. aliquot of the soluble 
fraction is neutralized to a faint pink with trichloroacetic acid. 5 volumes 
of cold 95 per cent ethanol (made faintly alkaline after addition of 2 drops 
of 0.1 per cent phenolphthalein per 100 cc.) are added and the end-point 
readjusted if necessary to a pale pink. The mixture is allowed to stand 
in the refrigerator overnight, and the end-point readjusted an hour before 
separation. The precipitate is all collected in a single 40 cc. short tapered 
centrifuge tube by strong centrifugation of successive portions, and washed 
with neutral 80 per cent ethanol. 

The precipitate contains part of the “residual organic phosphorus,” 
together with all but traces of the phosphocreatine and pentose. It is 
dissolved in 10 ec. of 0.1 N hydrochloric acid and diluted to 15 cc., and 1 ce. 
aliquots are taken for the determination of total, acid-hydrolyzable (in- 
cluding phosphocreatine), and ribose monophosphate phosphorus. The 
“residual organic phosphorus” in this and subsequent fractions is cal- 
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culated by subtracting the acid-hydrolyzable and ribose monophosphate 
portions from the total phosphorus present. 

The ethanol-soluble fraction is evaporated to dryness in an air current 
at room temperature, dissolved in water, diluted to 15 ec., and 2 ce. 
aliquots are taken for determination of total and acid-hydrolyzable phos- 
phorus. The amounts of acid-hydrolyzable phosphorus and usually of 
pentose in this fraction are negligible if the proper pH has been maintained 
during the precipitation. Any pentose in this fraction is probably free 
or in the form of nucleoside; under abnormal conditions such decomposi- 
tion products of adenosine triphosphate might be expected to appear (9), 
and such is the case in brain tissue post mortem. No correction for 
ribose monophosphate is made in calculating the ‘residual organic phos- 
phorus” of this fraction. 

It is important that the precipitation with ethanol be carried out at the 
proper pH. If the ethanol is added without previous neutralization of 
the excess calcium hydroxide, the ethanol-soluble fraction is precipitated, 
and upon being redissolved in trichloroacetic acid is found to have lost its 
characteristic solubility in ethanol. 

Further Fractionation with Uranyl Acetate—The ethanol-insoluble frac- 
tion may be subdivided by precipitation with uranyl acetate (8) and 
extraction of the precipitate with barium hydroxide (2).2. A 10 ce. aliquot 
is neutralized with 2.5 N sodium hydroxide and made just acid to phenol- 
phthalein by the dropwise addition of 2 per cent acetic acid. A 0.5 ce. 
portion of a saturated solution of uranyl acetate is added and at least 10 
minutes allowed for precipitation. The precipitate is separated by 
centrifugation and washed with 2 cc. of a 1:50 dilution of the uranyl 
acetate solution. 

The uranyl precipitate is suspended in 3 cc. of water, warmed to 50°, 
and 0.5 cc. of saturated barium hydroxide added. The tube is covered with 
Parafilm, allowed to cool to room temperature, and agitated for 1 hour. 
It is then centrifuged and the precipitate again extracted in the same 
manner, with 1 cc. of water and 0.1 ce. of barium hydroxide. After 
separation the precipitate is washed twice with 3 cc. portions of water. 

The precipitate is dissolved in 2 drops of 1 N hydrochloric acid and 
diluted to 10 cc. In the phosphate determinations on this solution a trace 
of barium sulfate forms, but is removed by centrifugation and apparently 
does not cause appreciable interference. 

The extract is treated with 0.25 ce. of 10 per cent sodium carbonate to 
precipitate the barium, diluted to 15 ec., filtered, and analyzed. Any 
phosphocreatine remaining undecomposed appears in the extract, while 
most of the nucleotide remains in the uranyl precipitate. 


* Colowick, 8. P., personal communication. 
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There is usually a slight decomposition of organic phosphorus with 
formation of inorganic phosphate during the procedures involved in 
fractionation with uranyl acetate and barium hydroxide. 

The results of duplicate analyses are presented in Table II. 


TaBLe II 
Fractional Analysis of Acid-Soluble Phosphorus Compounds (Mg. per 100 Gm.) 


‘racti r calci , . 
eee a Fraction not pptd. by calcium hydroxide 





Nucleotide ° Residual P pptd. by > 
P S 80 per cent ethanol - 
- : & |E& {|< - 
Dog Zila iglitisiZi8is “ 3 
€ Sie 1 a/b) 3) 8 ee /2 2|§ ; 
f. Ss ies - & o a) na | wi 3 ™ = | 8 
2 = Ee on Me z = a3 oe $ - & | wx 
a > 2/8 § = > | ¢F!i ss ms = _— | fe 
Sis 83/818) F) Ss |Selszia | ? S| Bi se 
sie ise ce zi zi is /seis2i sie 5] £ |e 
| < x ~ ~ -% < 4 < - ~ r=) =) % 
Brain frozen | 15 | 6.817.7) 8.5 3.6 10.9, 1.7) 0.6 5.1) 8.1 1.0) 5.5) 1.3 
in situ, 6.816.4) 8.7) 5.5 11.1) 0.8) 0.6) 5.6) 7.9) 1.0) 5.4!) 1.0 
nembutal 16 | 8.518.5) 9.4 3.5 9.4 0.6 0.7 7.4 5.7 0.5) 3.2) 0.6 
8.518.5) 9.4) 3.9 9.4 0.4 0.6 8.6 6.9) 1 I) 3.0 0.5 
17 | 7.2)18.6) 9.7) 4.0 10.9 1.2) 0.5 6.8 5.0 0 2.8 1.4 
von 18.5) 9.6 4.8 11.3 1.0 0.5 6.8 6.1 0.6, 3.6 0.5 
Brain frozen | 19 | 8.1/16.5) 8.4) 5.1) 3.7,10.2 0.1 0.5) 3.7; 6.9 1.9) 4.1) 0.4) 1.3 
in situ, 8.3.16.1) 8.3 3.4) 3.710.1) 0.2) 0.6 4.1) 7.4 1.0) 4.3 0 1.3 
morphine 21 | 7.2 19.7| 9.8 3.7 3.710.8 0.9 0.8 4.7 8.4 2.0) 3.8 0 1.4 
7.2:19.0) 9.8 4.2 4.011.1 0.7 0.9 5.2) 7.8) 1.9] 4.0) 0 1.6 
Brain, post- 18 |34.2) 4.4) 5.7| 2.8) 6.5) 0.4) 0.1) 3.2) 4.1) 7.2) 3.2} 1.4) 0 0.7 
mortem 34.9 3.9) 5.6 2.6 6.5 0.5 0 3.1, 5.0 7.4) 3.4, 1.8) 0 | 0.6 
20 39.5 3.5) 5.3 4.5) 6.4 0.3) 0.6 4.2) 3.411.9 4.7) 5.0 0.8) 1.2 
40.1) 3.5) 5.6) 3.9) 6.8) 0.4) 0.3) 4.2) 4.7)10.8 3.6) 5.2) 0.9) 1.4 
| Rab-| | 
bit | 
No. 
Muscle 3 (29.5 37.6)18.7) 7.9) 5.252.0 2.6, 1.4, 2.4 6.1 0.8 3 3.3 4.4 
7| 8.2) 5 2} 0 1.5; 2.1) 7.3 0.4) 0.1) 4.8 4.3 


254.3 


29.7/36.5|18. 


* Corrected. 
t As hexose monophosphate P. 


DISCUSSION 
Hexose-6-monophosphate—The residual organic phosphorus which ap- 
pears in the fraction precipitated by excess calcium hydroxide and 10 per 
cent ethanol and the small trace usually present in the extracted uranyl 
precipitate may consist largely of hexose-6-monophosphate. This state- 
ment is based on determinations of the reducing power and on comparison 
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with the analysis of skeletal muscle*® (Table II), the residual phosphorus of 
which is known to consist largely of hexose-6-monophosphate (3, 4). The 
amounts of residual phosphorus present agree approximately with the 
reducing power determined and calculated as described by Cori and Cori 
(3), except where postmortem autolysis has increased the reducing power 
of the Ca-insoluble fraction. The reducing substance in the Ca-insoluble 
fraction is precipitated by uranyl acetate. Determinations of reducing 
power of the fraction precipitated by 80 per cent ethanol gave variable 
results which were usually higher than would correspond to the residual 
organic phosphorus present. 

Aminoethyl Phosphate—The “residual organic phosphorus” extracted 
from the uranyl precipitate by barium hydroxide is thought to consist 
largely of aminoethyl phosphate, since the procedure for its separation is 
an adaptation of that used by Colowick and Cori (2) in isolating amino- 
ethyl phosphate from rabbit small intestine.2 Outhouse (16) has found 
this substance in tumor tissue. No significant amount was found in the 
rabbit muscle analyzed (Table II). 

Ethanol-Soluble Fraction—The amount of acid-stable organic phosphorus 
remaining in the 80 per cent ethanol solution varied from 4 to 8.6 mg. per 
100 gm. of cerebral tissue in the experiments shown in Table II, and in 
one brain (Experiment 12) has been found as high as 11 mg. per 100 gm. 
That this represents a distinct fraction is indicated by the following ex- 
periments. 

An aliquot was evaporated to dryness in an air current, redissolved in 
trichloroacetic acid, and the fractionation procedure repeated. Most of 
the phosphorus again appeared in the ethanol solution. Only 7.5 per cent 
appeared as acid-stable phosphorus in the ethanol precipitate, while 10 
per cent decomposed to inorganic phosphate. 

The fraction precipitated by 80 per cent ethanol was dissolved in tri- 
chloroacetic acid and reprecipitated by calcium hydroxide and 80 per cent 
ethanol with careful adjustment of the end-point. Only a trace of phos- 
phorus remained unprecipitated, indicating that the precipitation of the 
insoluble fraction is quantitative. 

The ethanol-soluble fraction in aqueous solution was found to remain 
unprecipitated in the presence of uranyl acetate. When precipitated by 
excess calcium hydroxide and 80 per cent ethanol, followed by uranyl 
acetate fractionation, it appeared in the uranyl-soluble fraction which 
normally contains very little acid-stable phosphorus. When the uranyl 


* Rabbit muscle (hind leg), stimulated at the rate of approximately three times 
per second for 30 seconds before the blood supply was interrupted; then removed, 
quickly weighed, and ground with sand and iced trichloroacetic acid. Modifications 
of the usual dilutions and aliquots were introduced when necessary. 
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fractionation was repeated in the presence of added inorganic phosphate, 
most of the organic phosphorus was again found in the uranyl solution, 
but small amounts were carried into the other fractions. 

The existence of an ethanol-soluble fraction has been noted in brain and 
other tissues by Outhouse (16), and the substance was isolated by Booth 
(1), who tentatively identified it as the choline ester of sphingosinephos- 
phoric acid. Booth found that the substance was precipitated by acetone 
and by mercuric chloride in ethanol. 

In agreement with Booth’s report, it was found that addition of 5 vol- 
umes of acetone to the aqueous solution of the ethanol fraction caused 
precipitation of 67 per cent of the organic phosphorus. The precipitate 
contained nitrogen. However, no phosphorus was precipitated when the 
substance dissolved in absolute ethanol was mixed with 0.5 volume of a 
saturated solution of mercuric chloride in absolute ethanol. The sub- 
stance could not be extracted from aqueous solution by petroleum ether. 
No inorganic phosphate was split off in aqueous solution by excess calcium 
hydroxide in 6 hours at room temperature, nor was the organic phosphorus 
precipitated. When heated to 100° with calcium hydroxide for a few 
minutes, 12 per cent of the phosphorus appeared in the precipitate as in- 
organic phosphate and 23 per cent as organic phosphorus, while 65 per cent 
remained in solution. 

In experiments on two rabbits it was found that skeletal muscle con- 
tains not more than 2.5 mg. of ethanol-soluble phosphorus per 100 gm. 

The uranyl-soluble fraction normally contains a very small amount of 
“residual organic phosphorus.”” No suggestion as to its identity can be 
made at this time, nor has it been proved to be distinct from other frac- 
tions. 

Phosphoglyceric Acid—The method of Rapoport (17) was adapted to the 
photelometric determination of 0.002 to 0.008 mg. of phosphoglyceric acid 
phosphorus. For these small quantities it was found advantageous to 
reduce the concentration of the naphthoresorcinol to 0.25 mg. per cc. of 
concentrated sulfuric acid, and the time of heating to 20 minutes. Precip- 
itation as the lead salt was replaced by precipitation as the calcium salt. 

No phosphoglyceric acid could be detected in cerebral tissue. The solu- 
tions showed a darker color than the blanks, but the color was not blue 
and the transmittance curve was not the same as that obtained with phos- 
phoglyceric acid. 

Tests with known solutions showed that any phosphoglyceric acid pres- 
ent would be partly carried down by the first precipitation with calcium 
hydroxide and 10 per cent ethanol, and almost completely precipitated by 
the subsequent addition of excess calcium hydroxide. 

Triose Phosphate and Phosphopyruvate—An adaptation of the method 
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of Meyerhof and Lohmann (15) failed to detect triose phosphate in the 
fraction precipitated by 80 per cent ethanol. Phosphopyruvate could 
not be detected in this fraction by the iodoform reaction (12, 14). The 
low values found for acid-hydrolyzable phosphorus in the Ca-soluble frac- 
tion are additional evidence that these or other acid-labile compounds are 
not present in appreciable quantities. 

Nucleotides—It was found that in the fraction precipitated by calcium 
hydroxide the corrected value for ribose monophosphate phosphorus nor- 
mally equals half the acid-hydrolyzable phosphorus,‘ within the limit of 
error of the methods (Table II). This is to be expected from the equilib- 
rium constants determined by Lehmann (10), according to which no measur- 
able amounts of adenosine diphosphate (or of adenylie acid) should occur 
in the presence of phosphocreatine. 

The amount of acid-hydrolyzable phosphorus (after subtraction of the 
phosphocreatine) found in the Ca-soluble fraction in normal dog brain is 
very small, usually less than 1 mg. per 100 gm., and may include a trace 
of adenosine triphosphate which has escaped precipitation. The average 
value found for pentose (calculated as ribose monophosphate phosphorus) 
in this fraction, corrected by subtracting the calculated amount resulting 
from action of calcium hydroxide on adenosine triphosphate, is 0.6 mg. 
per 100 gm., of which not more than 0.4 (half the acid-hydrolyzable phos- 
phorus) may represent unprecipitated adenosine triphosphate. A trace 
of red-brown color from interfering substances is also formed in the pentose 
determinations on this fraction. It is clear that the amount of pentose 
normally occurring unassociated with acid-hydrolyzable phosphorus is 
extremely small, and any increase which may be observed to occur under 
abnormal conditions is attributable to breakdown of adenosine tri- 
phosphate. 

Postmortem Changes—Two animals were killed by exsanguination, and 
cerebral tissue obtained for analysis about 30 minutes later. In the anal- 
yses, appropriate alterations were made when necessary in the aliquots 
used. The results indicate a great increase in inorganic phosphate, largely 
at the expense of phosphocreatine and adenosine triphosphate. In the 
case of Dog 20 the increase was slightly larger than can be thus accounted 
for; similar observations have previously been reported (13, 18). Under 
these conditions the hydrolysis of phosphocreatine was practically com- 
plete. The adenosine triphosphate was largely decomposed; the part pre- 
cipitated by calcium hydroxide apparently consisted of adenosine diphos- 
phate, and pentose-containing decomposition products appeared in the 

‘ Kerr (9) has shown that the acid-hydrolyzable phosphorus associated with nu- 


cleotide represents mainly adenosine triphosphate, but may include a small amount 
of guanosine triphosphate. 
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Ca-soluble fraction. Approximately one-third of these was found to be 
soluble in 80 per cent ethanol, and probably represented nucleoside or free 
pentose. The part precipitated by ethanol was undoubtedly adenylic acid, 
since Kerr (9) has shown that no inosinic acid is formed. The present 
findings supplement those of Kerr on the autolytic changes in cerebral 
tissue. 

The corrected values for the ribose monophosphate fractions have been 
calculated in the usual way; the results would differ by about 0.7 mg. if 
decomposition of adenosine diphosphate instead of the triphosphate were 
assumed. The amount of acid-hydrolyzable phosphorus in the Ca-in- 
soluble fraction is slightly low even for adenosine diphosphate, but the 
limit of error is high where so great a value for inorganic phosphate must 
be subtracted. Occlusion of a small amount of adenylic acid may have 
occurred. The reducing power of the precipitate is unaccountably high. 

A postmortem increase in the uranyl-soluble phosphorus was noted. 
This may have been at the expense of the alcohol-soluble fraction, but the 
data are not conclusive on this point. 


SUMMARY 


1. An improved method is presented for the fractionation of the acid- 
soluble phosphorus compounds of cerebral tissue. 

2. A procedure is described for the determination of the ribose component 
of the nucleotides. 

3. The unidentified organic acid-soluble phosphorus of cerebral tissue 
includes at least three distinct substances, (a) one which behaves like 
hexose-6-monophosphate, (b) one which is thought to be aminoethyl 
phosphate, and (c) an ethanol-soluble substance. 

4. An analysis of the acid-soluble phosphorus compounds of skeletal 
muscle has been performed for comparison with the results on cerebral 
tissue. 

5. Attempts to detect the presence of phosphoglycerate, triose phos- 
phate, and phosphopyruvate in cerebral tissue were unsuccessful. 

6. The principal changes found to occur during 30 minutes of postmortem 
autolysis of cerebral tissue are the hydrolysis of phosphocreatine and 
the partial decomposition of adenosine triphosphate. The methods used 
indicate the presence of adenosine diphosphate, adenylic acid, a nucleoside 
or free pentose, and inorganic phosphate among the decomposition products 
of adenosine triphosphate. 


The writer is indebted to Lieutenant-Commander Charles G. Johnston, 
Medical Corps, United States Naval Reserve, for his encouragement in tiais 
research, to Major John E. Webster, Medical Corps, Army of the United 
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States, for assistance with surgical procedures, to Dr. 8. Rapoport for a 
sample of barium phosphoglycerate, and to the Wall Chemicals Division 
of the Liquid Carbonic Corporation for a generous supply of liquid air. 
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A NOTE ON THE IDENTITY OF A CARBONYL COMPOUND 
ISOLATED FROM BEEF LIVER 


By ALBERT L. LEHNINGER 


(From the Department of Physiological Chemistry, Medical School, 
University of Wisconsin, Madison) 


(Received for publication, May 3, 1943) 


In 1936, Cook and Harrison (1), in an investigation of the identity of the 
carbonyl compounds isolated from beef liver by bisulfite extraction, ob- 
tained an unknown 2,4-dinitrophenylosazone of the approximate molecular 
formula C2o9H2oO0iNs, which apparently accounted for the major portion of 
the bisulfite-binding power of liver extracts (2). They were unable to 
suggest a structure for this compound from their data, but remarked that 
it was probably a derivative of some condensation product formed in 
intermediate metabolism. 

In the course of some work on the intermediate metabolism of fatty 
acids, this compound became of interest because of its possible significance 
as a metabolite, and work was begun on its isolation with the aim of deter- 
mining its structure. 


EXPERIMENTAL 


Several isolations of the osazone from beef liver were carried out, accord- 
ing to the directions of Cook and Harrison. No difficulty whatsoever 
was encountered in repeating their procedure. However, their statement, 
30 g. of 2:4-dinitrophenylhydrazine dissolved in 20 ml. con. HCl,” should 
be modified, since this amount of reagent is not soluble in 20 ml. of acid, 
but forms a thick paste. The osazone was purified according to their 
procedure and the yields of the alcohol-recrystallized product varied from 
1 to 4 gm. per kilo of beef liver. 

The unknown osazone, which yielded a blue color with alcoholic KOH, 
gave decomposition points (corrected) ranging from 173-177° after re- 
crystallization from ethyl aleohol. Cook and Harrison reported 175°. 
Elementary analysis showed it to be identical with their compound. 
Found, C 42.43, H 3.69, N 20.00 per cent. Cook and Harrison reported 
C 42.32, H 3.58, N 20.12 per cent. 

It should be mentioned that the “recrystallization” from 97 per cent 
alcohol employed by Cook and Harrison usually resulted in an amorphous 
material in our hands. Attempts were then made to recrystallize it from 
another solvent to obtain true crystals. The compound was successfully 
recrystallized from nitrobenzene, yielding thin, fibrous microscopic needles 
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of an orange-red color, frequently arranged in rosettes. The crystals were 
washed with nitrobenzene and benzene, and dried in vacuo over P.Os. 
The decomposition point was found to have risen to 240—242°, suggesting 
that the original compound as recrystallized from alcohol still harbored 
impurities. Another recrystallization from nitrobenzene established the 
decomposition point at 255-257°, which was not altered in five further 
recrystallizations. Elementary analysis now yielded the following values: 
C 40.29, H 3.38, N 20.63 per cent. 

The data at this point strongly suggested that the compound was the 
2 ,4-dinitrophenylosazone of glucose, decomposition point 256—257°; calcu- 
lated, C 40.14, H 3.34, N 20.81 per cent (3). Cook and Harrison had 
stated that glucose 2,4-dinitrophenylosazone could not be found in their 
experiments, without further comment. The analysis of the alcohol- 
recrystallized compound naturally did not necessarily suggest this possi- 
bility. 

An authentic sample of glucose 2 ,4-dinitrophenylosazone was prepared 
by subjecting a 3 per cent solution of glucose, containing bisulfite, to the 
isolation procedure of Cook and Harrison, beginning at the point of addition 
of the hydrazine reagent. The alcohol-recrystallized product gave a de- 
composition point at 177°, identical with that of the natural product. On 
repeated recrystallization from nitrobenzene, it assumed a constant de- 
composition point at 255-257°. The crystal structure was identical with 
that of the natural derivative; mixed melting point tests showed no de- 
pression. The analysis gave C 40.08, H 3.31, N 20.62 per cent, showing it 
to be probably identical with the natural product. About 90 per cent of 
the alcohol-recrystallized, natural product could be recovered as the pure 
glucose derivative. The impurities, which are believed to originate in the 
pyridine treatment of Cook and Harrison, were tarry in nature and resisted 
further purification. 

Further support for the conclusion that the isolated derivative is identical 
with glucose 2 ,4-dinitrophenylosazone is as follows: 

Glucose has a slight bisulfite-binding capacity (2) which was found to 
be greatly increased on long standing. On concentration of such a solution 
in vacuo (as in the isolation procedure) the total bisulfite bound increases 
as expected from the data of Clift and Cook (2). The bisulfite-binding 
power of glucose is also destroyed by boiling with strong alkali. All these 
observations coincide with those made on the liver extract. 

When the acidified liver extract was freed of sulfur dioxide and extracted 
with ether, the unknown fraction was not removed by the ether. When 
the remaining water solution, which contained copper-reducing and fer- 
mentable compounds, was treated with sodium acetate and phenylhydra- 
zine hydrochloride, the typical glucose phenylosazone crystals were ob- 
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tained, which after recrystallization gave a melting point of 200° (authentic 
sample 202°), mixed melting point 200°. 

Other physical properties showed the liver compound to be identical with 
glucose 2,4-dinitrophenylosazone. Both compounds gave identical spec- 
tral transmittance curves in dioxane solution, showing a rather broad 
maximum at 445 mu. The specific extinction coefficient at 445 my in 
dioxane was 57.2 + 2 at a concentration of 5.00 XK 10~-* gm. per liter for 
both compounds. On treatment with alcoholic KOH both compounds 
gave an intense blue color, having identical absorption curves with a broad 
maximum at 550 mu. 

Although the deep color of dioxane solutions prevented accurate readings, 
the specific rotations at 25° were found to be approximately identical, in 
the neighborhood of — 140°. 

Some experiments showed that the compound could be obtained from 
the liver of several laboratory species and, furthermore, that the time 
elapsed between death of the animal and the beginning of the isolation 
procedure had no great bearing on the character or quantity of the com- 
pound obtained. 

No other hydrazones or osazones could be found in any quantity by Cook 
and Harrison’s fractionation procedure from several beef or rat livers. 
There were traces of acid hydrazones in the 10 per cent alcohol fraction, 
but not enough to identify. Acetic acid 2,4-dinitrophenylhydrazide was 
isolated in confirmation of Cook and Harrison, although the yields were 
smaller. 


SUMMARY 


An unknown 2,4-dinitrophenylosazone (C2oH29).Ns) isolated from beef 
liver by Cook and Harrison was further purified and found to be identical 
with glucose 2,4-dinitrophenylosazone. 
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THE DETERMINATION OF ACID-SOLUBLE PHOS- 
PHOGLYCEROL IN LIVER 


By ERNST LEVA anp 8. RAPOPORT 


(From the Children’s Hospital Research Foundation and the Departments of Pediatrics 
and Biological Chemistry, College of Medicine, University of 
Cincinnati, Cincinnati) 


(Received for publication, April 5, 1943) 


In the course of a series of unpublished studies on the turnover of acid- 
soluble phosphorus in the livers of rats changes have been found to occur 
in a fraction which appears to be composed mainly of phosphoglycerol. 
The presence of a-phosphoglycerol in the liver was first demonstrated by 
Fiske and Subbarow (1). Further studies of the metabolism of the phos- 
phoglycerol fraction necessitated the development of the method for its 
determination that is here reported, a method based on the work of Mala- 
prade (2), Fleury and coworkers (3, 4), and Bailly (5, 6). 

Fleury and Paris (3) found that periodic acid, which preferentially at- 
tacks adjacent hydroxyl groups, oxidizes a-phosphoglycerol to form 
formaldehyde and phosphoglycolaldehyde according to the reaction, 


OH OH r 1 
| | | 
CH,—CH—CH,—O—PO;H, + HIO, = CH, + CH—CH,—O—PO,H, + HIO; + H,O 


while 6-phosphoglycerol is not attacked. In contrast to phosphoglycerol, 
the diose phosphate is easily hydrolyzable (4), yielding inorganic P and 
free diose. Thus a determination of inorganic P after a preliminary oxida- 
tion and hydrolysis may serve as a measure of a-phosphoglycerol. The 
8 form also can be determined by means of the reaction discovered by 
Bailly (5, 7) that 90 per cent of the 8-phosphoglycerol is converted to 
a-phosphoglycerol by heating in acid solution. This transformation is 
reversible (6), and the same equilibrium is reached from either side. 

The determination of phosphoglycerol in tissues involves the following 
steps: After extraction of the tissue with trichloroacetic acid, interfering 
substances (mainly nucleotides) are removed by precipitation with mercuric 
acetate at pH 5 and the phosphoglycerol together with some other phos- 
phorus compounds is then precipitated with Ba, Hg, and glycine in 70 per 
cent methanol at pH 9 to 10. The precipitate is decomposed and inorganic 
P is removed as magnesium ammonium phosphate. The a-phospho- 
glycerol is determined by oxidation with periodic acid and subsequent 
hydrolysis (heating for 1 hour in a boiling water bath with n H.SO,) of the 
phosphoglycolaldehyde to liberate inorganic P which is determined by the 
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method of Fiske and Subbarow (8). The sum of a- and 8-phosphoglycerol 
is determined by heating the samples a short time in acid solution, before 
oxidation, to establish an equilibrium between the a- and 8-phosphoglyc- 
erol. In glycogen-rich extracts only the sum of a- and 6-phosphoglycerol 
can be determined. 

Reagents- 

Trichloroacetic acid, 5 and 20 per cent solutions. Keep in refrigerator. 

Indicators, phenol red, 0.04 per cent, and phenolphthalein, 1 per cent, 
solutions. 

Sodium hydroxide, 5 N and 0.2 N solutions. 

Mercuric acetate reagent, 20 gm. of mercuric acetate and 2 cc. of glacial 
acetic acid in 100 cc. of solution. 

Barium acetate, 50 gm. of Ba(C:H 3Q2)2-H,O in 100 cc. of solution, 
filtered. 

Barium hydroxide solution, saturated at room temperature. 

Glycine solution, 2 gm. in 100 ce. of water. 

Methanol, c.p. 

Sulfuric acid, 1 N, 5 N, and 10 N solutions. 

Magnesium sulfate, 1 gm. of MgSO,-7H:0O in 100 ec. of water. 

Concentrated ammonium hydroxide, sp. gr. 0.90. 

Sodium bisulfite, solid. 

Periodate reagent, 2.94 gm. of trisodium paraperiodate, NasH2IOx¢, (G. 
Frederick Smith Chemical Company) in 100 ec. of 3 N H;SO,, giving a 0.1 
M solution. 

Reagents of Fiske and Subbarow (8), for the determination of P. 


Procedure 


1. Preparation of Trichloroacetic Acid Extracts—Remove the liver 
quickly from the anesthetized (nembutal) animal and drop it into dry ice- 
ether mixture. Remove it from the freezing mixture, weigh quickly, and 
then grind in a measured volume of 5 per cent trichloroacetic acid, using 
approximately 10 ce. of acid for 1 gm. of tissue. A Waring blendor is a 
valuable aid for the extraction, as it gives a homogeneous suspension in 2 
minutes. Allow the mixture to stand 5 minutes and filter. In calculation 
of the dilution the tissue water is included. 

2. Removal of Nucleotides (and Other Interfering Substances)—Measure 
10 ce. of the filtrate into a graduated centrifuge tube, add 1 drop of phenol 
red indicator, and adjust to a faint pink, using first 5 N and then 0.2 N 
NaOH solution. Add 0.6 ce. of the mercuric acetate reagent, and after 
the contents of the tube are mixed thoroughly with a glass rod remove and 
rinse the rod. A flocculent precipitate appears within a minute. Place 
the tube in the refrigerator for 1 hour, then centrifuge, and pour off the 
supernatant fluid with as complete drainage as possible into a 100 ce. 
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centrifuge tube. The amount of fluid adhering to the precipitate, less than 
0.2 ec., is disregarded. 

3. Precipitation of Phosphoglycerol—To the solution in the 100 ce. 
centrifuge tube add | ec. of 50 per cent barium acetate, 0.35 ec. of 2 per 
cent glycine solution, and 1 drop of phenolphthalein indicator. Make the 
mixture alkaline with saturated barium hydroxide solution, and add 3 
volumes of methanol. Mix with a glass rod, remove and rinse the rod, and 
place the tube in a refrigerator overnight. 

4. Decomposition of Precipitate Containing Phosphoglycerol, and Removal 
of Inorganic P—The next day, centrifuge and discard the supernatant 
fluid. Disperse the precipitate in 1 cc. of 20 per cent trichloroacetic acid, 
add 2 ec. of N H,SO,, and remove the mercury by passing through the mix- 
ture a current of H.S gas at room temperature. If the original extract is 
rich in glycogen, the HgS forms a colloidal suspension and the solution 
must be heated 20 minutes in a boiling water bath to hydrolyze the glyco- 
gen sufficiently to permit the flocculation of the HgS. Transfer the pre- 
cipitate and washings to a volumetric flask or graduated centrifuge tube 
and bring the volume to 10 ce. After mixing, centrifuge, pour the 
supernatant fluid into a 50 cc. centrifuge tube, and remove the H.S by 
aeration for 5 minutes. Measure 8 cc. of the fluid into a graduated 15 cc. 
tube, then add to it 1 cc. of 1 per cent MgSO, solution and 1 drop of 
phenolphthalein indicator, and adjust to a definitely alkaline reaction with 
concentrated ammonium hydroxide solution. Scratch the side of the 
vessel with a glass rod to hasten the appearance of the MgN H,PO, pre- 
cipitate, remove the rod and rinse it with a few drops of water, and bring 
the solution to a convenient volume, usually 11 ec. After mixing by in- 
verting the tube, allow it to stand several hours, then centrifuge, and 
pipette the supernatant fluid into a dry test-tube. 

5. Oxidation and Hydrolysis of Phosphoglycerol—For oxidation of the 
phosphoglycerol transfer an aliquot, not exceeding 4 ec., containing ap- 
proximately 30 y of phosphoglycerol phosphorus to a 10 cc. volumetric 
flask. Discharge the pink color with | or 2 drops of 10 nN H.SO,, and then 
add 0.5 ec. of the periodate reagent and water to make the volume 4.5 ce. 
After the solution has stood | hour at room temperature, reduce the excess 
periodate by adding solid NaHSO,; in small portions. At first iodine is 
liberated; then the solution becomes colorless as the iodine is reduced by 
the bisulfite. Add 0.4 ce. of 10 N H,SO, and immerse the flask in a boiling 
water bath. After 5 minutes firmly stopper the flask with a rubber stopper 
and continue:-the heating 1 hour. Then cool the solution and determine 
the liberated inorganic P according to Fiske and Subbarow (8) using 1 ec. 
of the Molybdate III solution and 0.4 ce. of aminonaphtholsulfonie acid 
solution in a volume of 10 ce. 

The inorganic P is multiplied by the factor 1/0.965 in order to obtain the 
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a-phosphoglycerol P in the aliquot. This factor was determined from the 
average yield of inorganic P from a-phosphoglycerol in pure solutions. In 
glycogen-rich extracts, which have been heated in step (4) of the procedure, 
an equilibrium is established between a- and 8-phosphoglycerol. In this 
case, the value for inorganic P is multiplied by the factor 1/0.862, as 
described in the next paragraph, to obtain the sum of both isomers. 

6. Determination of Sum of a- and 8-Phosphoglycerol—T ransfer an aliquot 
(4 ee. or less) of the fluid for analysis into a 10 cc. volumetric flask, and add 
0.4 ec. of 10 n H.SO, and water to make the volume 4.5 cc. Heat the 
solution 20 minutes in a boiling water bath, cool the flask, add 0.5 ec. of 
periodate reagent, and then allow the mixture to stand 1 hour at room 
temperature. Reduce the excess periodate and proceed with the hydrolysis 
and determination of inorganic P as described in step (5), except that addi- 
tional H,SO, need not be added for the hydrolysis. The value for inorganic 
P found, multiplied by the factor 1/0.862 (based on the average yield of 
inorganic P from pure solutions of phosphoglycerol similarly treated) 
represents the sum of a- and 8-phosphoglycerol. 


EXPERIMENTAL 


Removal of Interfering Substances with Mercuric Acetate—As it was found 
that nucleotides interfered with the determination of phosphoglycerol, 
mercuric acetate in acetic acid solution was selected to remove them. This 
reagent was used by Kerr (9) in the preparation of adenosine triphosphate 
from muscle. Nucleotides are precipitated quantitatively. From liver 
extracts the reagent also precipitates a nitrogen-free (otherwise unidenti- 
fied) phosphorus compound, while leaving all the phosphoglycerol in the 
supernatant fluid. 

Precipitation of Phosphoglycerol—Various Pb, Cu, Hg, Ag, and Ba salts 
were tested for the precipitation of phosphoglycerol in the presence of dif- 
ferent amounts of methanol, ethanol, ether, and acetone. In mixtures 
containing 3 parts of methanol and 1 part of ether for 1 part of aqueous 
solution, the precipitation of the Cu salt was 48 per cent, that of the Ba, 
Hg, and Ag salts 80 to 92 per cent complete. The lead salt alone was 
quantitatively precipitated in pure solutions of phosphoglycerol. How- 
ever, only 85 per cent of phosphoglycerol added to trichloroacetic acid 
extracts of liver was precipitated as lead salt. At the same time it was 
found that precipitation with Ba and Hg together in approximately 70 
per cent methanol, which permitted recovery of about 80 per cent of phos- 
phoglycerol in pure solutions, was quantitative in the presence of liver 
extract. In the search for the factor, or factors, responsible for the 
improved recovery various nitrogenous compounds, including a number 
of amino acids, were tried. It was found that glycine, alanine, leucine, 
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cysteine, and tyrosine, the monoaminocarboxylic acids tried, were effective 
in improving the precipitation of phosphoglycerol. The other substances 
tried, namely ammonia, urea, arginine, glutamic acid, histidine, and trypto- 
phane, did not enhance the yield. It seems probable from these data that 
the amino acids in the trichloroacetic acid extract of liver, perhaps chiefly 
glutathione, are responsible for the improved yields in its presence. 

In Table I are summarized data illustrating the effect of Ba, glycine, 
and various concentrations of methanol on the precipitation of phospho- 
glycerol. 


TaBLe | 
Effect of Ba, Hg, Glycine, Methanol, and Ether on Precipitation of Phosphoglyceroi 
Samples of a-phosphoglycerol, containing 0.268 mg. of P, were precipitated as 
described under ‘‘ Procedure,”’ with mixtures of substances indicated. The precipi- 
tates were dissolved in N HNO;. Ba or Hg or both were removed, and the P was 


determined in an aliquot. 


























, , 5 ennai econ i. aks 3 . |Recovery of P in 
Ba Hg Glycine Methanol | Ether, 7 
mM an i an. vol. , il | per cent 
1.8 0.3 0.09 3 1 99.5 
1.8 0.3 0.09 3 100.3 
1.8 0.3 0.09 2 1 95.5 
1.8 0.3 0.09 2 80.7 
1.8 0.3 0.09 1 48.1 
1.8 0.3 0.09 0 
1.8 0.3 3 1 83.5 

0.3 0.09 3 1 57.5 





Standards—Two preparations of a-phosphoglycerol were used inter- 
changeably for the making of standard solutions. For one sample of 
barium a-phosphoglycerol we are indebted to Dr. J. J. Rae of the Depart- 
ment of Chemistry of the University of Toronto. Another sample was 
prepared in our own laboratory from sodium 8-phosphoglycerol (Eastman) 
according to the procedure of Bailly (5). The purity of both preparations 
was about the same, over 99 per cent, determined by a titration procedure 
similar to that of Voris etal. (10). For standard solutions of 8-phosphoglyc- 
erol the Eastman product was used without further purification, since it 
proved to be free of a isomer. 

Time of Oxidation and Hydrolysis—Solutions of a-phosphoglycerol were 
incubated at room temperature with periodate for varying periods of time 
and the excess periodate was determined according to the method of 
Rappaport et al. (11). It was found that 40 minutes were necessary for 
the reaction to become complete. The time required to hydrolyze the 
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oxidation product, phosphoglycolaldehyde, was tested in another series of 
experiments, presented in Table II. Based on these data | hour’s oxida- 
tion time followed by 1 hour’s hydrolysis in N H.SO, in a boiling water bath 


Tas.e II 
Liberation of Inorganic P from a-Phosphoglycerol by Hydrolysis after 
Periodate Oxidation 
A standard solution of a-phosphoglycerol was oxidized with periodate as de- 
scribed under ‘‘ Procedure,’ the excess periodate was removed with NaHSO,, and 
H.SO, was added to make the solution 1 n. The mixture was heated in a boiling 
water bath for the periods indicated, before the determination of inorganic P. 


Hydrolysis time Inorganic P found 

min per cent total P 
4} 24.4 

10 48.0 

15 60.5 

25 $1.1 

40 93.5 

60 96 .5* 

80 96.3 


* Average of eight determinations, varying within +2 per cent. 


Taste III 
Conversion of a- and B-Phosphoglycerol by Heating in Acid Solution 
Solutions of a- and 8-phosphoglycerol were heated in n H,SO, in a boiling water 
bath for varying periods of time as indicated. After cooling, they were oxidized, 
hydrolyzed, and the inorganic P was determined as described under ‘‘ Procedure.”’ 


Substance heated Time of heating a-Phosphoglycerol 
min. per cent total P* 

8-Phosphoglycerol 5 | 67.1 
10 87.2 
15 89.4 
25 | 88.9 
40 89.4 

a-Phosphoglycerol 20 89.3T 


* This value was calculated on the assumption that pure a-phosphoglycerol 
yields 96.5 per cent of its P as inorganic phosphate under the conditions of the 


experiment. 
t Average of eight determinations, varying within +2 per cent. 


was chosen as routine procedure, giving an average yield of 96.5 per cent 
of inorganic P from pure a-phosphoglycerol (see Table II). 

Transformation of a- and 8-Phosphoglycerol into Each Other—The con- 
version of 8- into a-phosphoglycerol after varying periods of heating with 
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TaBLe IV 


Influence of Other Phosphorus Compounds on Determination of a-Phosphoglycerol 

Solutions of the compounds indicated in the table were precipitated with Ba, Hg, 
glycine, and 3 volumes of methanol as described under ‘‘Procedure.”’ The precipi- 
tates were dissolved, made up to 10 cc., and total P and inorganic P were determined 
after oxidation and hydrolysis. 























. F a-Phospho- 
Material analyzed | Pin sample glycerol P Total P found 
found 
me. meg. meg. 
Monophosphoglyceric acid............ a 0.268 0 0.277 
Diphosphoglyceric acid... .... Fie | 0.478 0.01 (?) 0.495 
Same with addition of 0. 268 mg. of P of a- | 
phosphoglycerol. . Pease : | 0.746 | 0.271 
Fructose diphosphate..... | 0.595 | 0.386 0.607 
Same hydrolyzed without previous oxidation. | 0.595 | 0.406 0.607 
g-Phosphoglycerol.......................-. | 0.239 | 0.01 (?) 0.239 





TaBLe V 
Recovery of a-Phosphoglycerol from Pure Solutions and in Presence 
of Trichloroacetic Acid Extracts of Liver 


Pure solutions, liver extracts from both fed and fasted rats, and liver extracts to 
which known amounts of a-phosphoglycerol had been added were analyzed as de- 
scribed under “‘ Procedure.”’ 























| a-Phospho- | 
Material analyzed nora P| | siyeerl P Bpere A iP Recovery 
a a eS 
meg. me. per cent meg. per cent 
10 ec. trichloroacetic acid extract, 0.244 | 0.283 0.372 
corresponding to 1.02 gm. liver, | 0.248 | 0.287 0.376 
rich in glycogen 
Same with addition of 0.209 mg. | 0.428 0.496 | 101.4 0.582 99.7 
of P of a-phosphoglycerol | 0.431 | 0.500 103.2 0.587 102.1 
Standard solution of a-phospho- | 0.177 0.205 98.3 0.204 97.8 
glycerol containing 0.209 mg. P | 0.177 0.205 98.3 0.203 97.4 
| ‘ X fat 
10 ce. trichloroacetic acid ex- | 0.185 0.192 0.288 
tract, corresponding to 1.23 gm. | 
liver, free of glycogen 
Same with addition of 0.209 mg. | 0.437 0.453 97.4 0.557 100.4 
of P of a-phosphoglycerol 0.448 | 0.464 = 101.5 0.548 97.0 
Standard solution of a-phospho- 0.193 | 0.200 96.0 0.206 98.8 
glycerol containing 0.209 mg. P | 0.196 | 0.203 97.4 0.204 97.8 





* The values for inorganic P were multiplied by 1/0.862 to correct for the average 
yield of inorganic P from pure a-phosphoglycerol after preliminary heating. This 
procedure is necessary in extracts containing large amounts of glycogen. 

t The values for inorganic P were multiplied by the factor of 1/0.965 to correct 
for the average yield of inorganic P from pure a-phosphoglycerol solutions on oxi- 
dation and hydrolysis. 
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N H,SO, in a boiling water bath is shown in Table III. Equilibrium was 
established in less than 15 minutes when the mixture contained about 89 
per cent and 11 per cent of the a and 8 forms, respectively. Table III 
also shows the effect of heating solutions of a-phosphoglycerol in n H.SO, 
for 20 minutes preliminary to the oxidation with periodate. It is evident 
that the same equilibrium is reached whether one starts with pure a- or 
8-phosphoglycerol. 

Influence of Other Acid-Soluble P Compounds—Mono- and diphospho- 
glyceric acid, fructose diphosphate, and 8-phosphoglycerol were tested for 
possible interference with the method. The results are shown in Table IV. 


Taste VI 
Acid-Soluble Phosphoglycerol Content of Various Tissues 
Tissue samples were collected and analyzed as described under ‘‘ Procedure.” 


Sum of a- and 











Tissue analyzed a-Phosphoglycerol B-phosphoglycerol 8-Phosphoglycerol 
mg. per 100 cc. mg. per 100 cc. meg. per 100 cc. 
Rat (fed) liver*... a 27.8 
‘* (fasted) liverf .. 14.8 | 1.9 
‘* kidneyf..... * 7.9 0.3 
“ braint.... Csbert 5.8 0 
‘* heartf. .. : 11.0 1.6 
‘* intestine 8.1 0 
Rabbit (fed) liver 28.9 
“kidney . .. 6.7 1.1 
™ heart..... 8.3 1.8 
— ae 4.1 
fd eee 27.8 





* Average of sixteen determinations. 
t Average of eight determinations. 
t Pooled samples from three animals. 


It was found that the glyceric acid esters and 8-phosphoglycerol did not 
interfere. The amounts of inorganic P released from fructose diphosphate 
by hydrolysis, after incubation with periodate, were found to be the same 
as those liberated in comparable periods of acid hydrolysis alone. There- 
fore, satisfactory values for phosphoglycerol determined in the presence of 
fructose diphosphate should be obtained if the amounts of the inorganic P 
found after oxidation and hydrolysis are corrected for the inorganic P found 
after acid hydrolysis alone. 


Results 


In Table V are presented data on the recovery of a-phosphoglycerol from 
pure solutions, carried through the entire procedure, and on its recovery 
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when known amounts of a-phosphoglycerol were added to both glycogen- 
rich and glycogen-free extracts of rat liver. The values for ‘inorganic P 
found in extracts containing glycogen after oxidation and hydrolysis, and 
in the standard solutions similarly treated, were multiplied by the factor 
1/0.862, based on the average yield of inorganic P from phosphoglycerol 
heated in acid solution before oxidation. The values for inorganic P in 
the glycogen-free extracts and standard solutions similarly treated were 
multiplied by the factor 1/0.965, based on the average yield of inorganic 
P obtained from phosphoglycerol after oxidation and hydrolysis. The 
recovery of phosphoglycerol was 96 to 99 per cent in pure solutions, and 
97 to 103 per cent in the experiments in which various substances were 
added. The recoveries in terms of total phosphorus were in the same range. 

In Table VI are given some representative results on the acid-soluble 
phosphoglycerol content of the livers of rats, rabbits, and pigeons, and of 
some other tissues of rats and rabbits. Liver is by far the richest tissue, 
the livers of fed rats and rabbits containing over 25 mg. of phosphoglycerol 
per 100 gm. Livers of fasted rats contained significantly lower amounts. 
Little or no acid-soluble 8-phosphoglycerol was found in any of the tissues 
studied. The effects of diet on the distribution of P compounds in the 
liver will be reported in detail later. 


SUMMARY 


A method for the determination of acid-soluble a- and 8-phosphoglycerol 
in liver and other tissues is described, and results on the phosphoglycerol 
content of some tissues are presented. 
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THE DISTRIBUTION OF ACID-SOLUBLE PHOSPHORUS IN THE 
LIVERS OF RATS, FED AND FASTING 


By 8S. RAPOPORT, ERNST LEVA, ann GEORGE MARTIN GUEST 


(From the Children’s Hospital Research Foundation and the Departments of Pediatrics 
and Biological Chemistry, College of Medicine, University of Cincinnati, Cincinnati) 


(Received for publication, April 5, 1943) 


In a previous study (1) dealing with the distribution of acid-soluble P in 
the liver we reported some data on differences between fed and fasted rats 
with regard to concentrations of the inorganic, the easily hydrolyzable, and 
the “rest” organic P. In the study here reported the effect of varying 
periods of fasting was investigated, and a further differentiation of the or- 
ganic P was attempted, based on steps involved in the determination of 
phosphoglycerol. The acid-soluble P was divided as follows: (1) inorganic 
P; (2) easily hydrolyzable P, representing 67 per cent of the adenosine 
triphosphate plus 50 per cent of the adenosine diphosphate; (3) “mercuric 
insoluble” P, containing all the stable nucleotide P, which accounted for 
50 to 60 per cent of this fraction; (4) the sum of a- and 8-phosphoglycerol; 
(5) residual P, representing substances precipitated together with phos- 
phoglycerol; (6) alcohol-soluble P, compounds yielding Hg and Ba salts 
soluble in 80 per cent alcohol. This fractionation procedure gave repro- 
ducible results, the sum of the fractions usually agreeing with the total 
acid-soluble P within less than 5 per cent. Attempts to identify chemical 
compounds among the various fractions are under way. 


Methods 


Male rats weighing 200 + 45 gm. from the stock of Sprague-Dawley, 
Inc., were used in all experiments. They were kept on the stock diet of the 
laboratory. Rats designated as fed had free access to food at all times, 
while food was withdrawn from the fasted animals at varying times stated 
in Tables I to III before they were killed. The animals were anesthetized 
by intraperitoneal injection of nembutal, and the liver was quickly removed 
and dropped into a mixture of dry ice and ether. The frozen organ was 
weighed, and a trichloroacetic acid extract was prepared as described 
elsewhere (2). 

Fractionation of Extract—The inorganic P and the total acid-soluble P 
were determined in the usual manner (3). The easily hydrolyzable P was 
determined by heating the extracts for 15 minutes in a boiling water bath 
with n sulfuric acid. The other fractions were determined in a common 
sample as follows: 10 cc. of extract were treated with mercuric acetate as 
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described in the phosphoglycerol method (2). After standing for 1 hour in 
the refrigerator, the material was centrifuged and the supernatant fluid was 
transferred to a 100 ec. centrifuge tube. The precipitate was dissolved in 
3 ce. of N HSO,, Hg was removed with a current of H.S gas, and the 
mixture was heated in a boiling water bath for 15 minutes to hydrolyze the 
nucleotide polyphosphates. 1 cc. of 1 per cent MgSO, was added, and the 
inorganic phosphate was precipitated as magnesium ammonium phosphate. 
After standing overnight the tubes were centrifuged, the precipitate was 
washed once with diluted ammonium hydroxide, the combined super- 
natant fluids were made to a definite volume, and the total P was de- 
termined in a convenient aliquot. The stable P of adenosine di- and tri- 
phosphate and probably adenylic acid accounts for 50 to 60 per cent of the 
P in this fraction, designated as “‘mercuric-insoluble.”’ In addition at least 
one other nitrogen-free compound is present. To the supernatant fluid of 
the mercury precipitate, barium acetate, glycine, and methanol were added. 
The resulting precipitate was decomposed, the inorganic P was removed, 
and the phosphoglycerol P and total P of this fraction were determined (2). 
The difference between the total P and the phosphoglycerol P represents the 
residual P. The supernatant fluid of the precipitate containing phospho- 
glycerol was evaporated, barium and Hg were removed, and the total P 
in this fraction, designated as alcohol-soluble P, was determined. This 
fraction probably contains the compound thought to be choline sphingosine 
phosphate, isolated by Booth (4) from kidney, and by Strack et al. (5) 
from the liver of cattle. 

These fractions together accounted for about 95 to 102 per cent of the 
independently determined total acid-soluble P. 

The data were analyzed statistically according to the methods of 


Fisher (6). 
Results 


In the first two rows of Table I are presented the mean concentration 
values of the total acid-soluble P and of its fractions in the livers of fed rats 
and of rats fasted for 24 hours. Differences between these two groups and 
estimates of their significance are summarized in the first row of Table II. 
The data indicate that fasting produced a small, but statistically signif- 
icant, decrease of the total acid-soluble P. The inorganic P was markedly 
increased, while the easily hydrolyzable and the phosphoglycerol fractions 
were greatly diminished. Of the other fractions, only the residual P seemed 
to show a significant change. It is of interest to compare these results with 
experiments reported previously (1) in which another strain of animals, 
maintained on a different diet, was used and a different method was em- 
ployed to prepare the trichloroacetic acid extracts. The values for the fed 
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rats are much the same in both series. The fasted rats of the present series, 
on the other hand, show considerably higher values of inorganic P and lower 
ones of the easily hydrolyzable P. In the previous series the fasted group 
had been deprived of food for 16 to 18 hours, while in the experiments here 
reported the animals were fasted for 24 hours. The explanation sug- 
gested itself that the differences found between the two series might be ac- 
counted for by the varying periods of fasting. This would imply that im- 
portant changes in the concentrations of the various fractions of phosphorus 
take place in the period between 16 and 24 hours of fasting. To examine 


TaBLe I 
Mean Concentrations of Acid-Soluble P in Livers of Rats 





Total Easily | “ | . 
soit p, ovzanic sdk eiyerol ; insoabie™ Bevdual | soluble: | fractions 
mean and | ands mean and | ™*Srt0d | Emeem | ands. | megs and | mess 
- . ——— 
me. per me. per me. per | mg. per mg. per meg. per me. per mg. per 
100 gm. 100 gm. 100 gm. | 100 gm. 100 gm. 100 gm. 100 gm. | 100 gm. 
Fed 103.9 .17.8 | 15.8 | 27.8 | 27.5 5.8 6.7 | 101.4 
+1.7 +06 | +05 | 40.8 | +0.4 | 20.7 | 20.5 | 41.5 
No. of de- 20 16 i ie (3) 10 ae a 
termina- 
tions 
Fasted 24) 98.2 29.3 | 10.4 | 16.5 | 286 | 3.5 | 5.8 | 94.1 
hrs. +0.9 +06 203 405 +05 +06 | 40.3 | 41.2 
No. of de- | 34 20 20 34 16 20 20 
termina- 
tions 


Fasted 48 989.2 | 26.3 10.7 | 182 | 279 | 1. 4.3 | 89.0 
hrs. or +1.2  +0.9 40.5 +05 | 40.4 40.3 +40.3 | 41.3 
more 

No. of de-| 13 13 Bs | 8-4 Sate | we. 
termina- 
tions | 


this point further, a number of rats were fasted for periods of time varying 
from 12 to 96 hours. 

In Table III are presented the individual data on the distribution of 
phosphorus in the livers of rats fasted for varying periods of time. They 
indicate that the inorganic P was increased as early as 12 hours after the 
withdrawal of food to reach maximum levels after 24 hours. In animals 
fasting 48 hours or longer it appears somewhat decreased as compared with 
the 24 hour level. The easily hydrolyzable P and the phosphoglycerol P, 
following similar patterns of change, were at their lowest levels after 24 
hours, and did not change further during the more prolonged periods of 
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The ‘‘mercuric-insoluble’”’ P remained substantially unchanged 
throughout. The total acid-soluble P was decreased by about 15 per cent 
after fasts of 48 hours or longer. At that time the residual and the al- 
cohol-soluble fractions were also diminished. 

The data on the animals fasting 48 hours and on those fasting longer 
periods, because of their evident uniformity, were combined to yield the 


averages and standard errors summarized in the third row of Table I. 
The differences between the animals fasted for 24 hours and those fasted for 


fasting. 


Tasie III 
Distribution of Acid-Soluble Phosphorus in Livers of Rats Fasted Varying Periods of 
Time 
Rat |Missct| acid: | orgie) nada | ‘lve insole” | Resual | Athol, | Sam 
me. per meg. per me. per meg. per me. per me. per me. per | me. per 
100 gm. | 100 gm. 100 gm. 100 gm. | 100 em. | 100 gm. | 100 gm. 100 gm. 
G27 12 | 106.8 | 24.2 | 12.8 28.2 26.3 7.1 9.5 | 108.1 
G28 | 12 | 110.2 | 23.2 14.5 27.0 29.0 | 4.6 6.7 | 105.0 
G19 12 | 101.4 | 21.4 | 13.1 | 26.0 5.2 8.0 | 
G20. -12_~—s «103.0 22.8 | 12.0 | 22.7 3.7 §.2 | 
G31 | 48 93.3 31.6 | 8.8 18.2 27.9 2.2 6.0 | 94.7 
G32 | 48 90.9 31.7 | 8.1 | 18.0 | 30.7 | 1.4 3.4 | 93.3 
G45 | 48 94.4 | 27.2 | 9.9 | 17.7 | 28.2 | 1.4 4.7 | 89.1 
G46 | 48 | 88.7 | 25.7 | 10.0 16.5 28.0 | 0.9 4.5 | 85.6 
G33 | 72 77.5 2.3 | 7.5 | 17.0 23.9 1.0 3.4 76.1 
G34 | 72 92.7 | 25.4 | 11.9 22.4 | 28.1 | —0.6 3.3 90.5 
G47 72 85.9 | 28.3 | 11.3 17.3 | 28.0 1.6 | 4.0 | 90.5 
G48 | 72 | 90.6 | 24.2 | 12.2 | 16.2 | 2.2 | 2.1 | 4.8 | 88.7 
G3s | 96 | 88.5 | 26.9 | 13.1 | 18.1 | 2.9 | 28 | 3.6 | 90.4 
G36 | 96 | 87.8 27.1 10.2 17.4 | 266 | 3.2 3.1 | 87.6 
G57 | 96 | 85.5 | 26.0 | 9.6 | 18.6 | 27.2 b, a4 4.1 86.9 
G58 (96 91.5 | 22.0 12.6 20.5 | 28.6 | 1.7 5.3 90.7 
G59 | 96 | 91.6 | 22.1 | 12.9 | 29.7 | 1.7 | &.7 | 90.9 


18.8 





| 
| 
| 








48 hours or longer and the estimates of their significance are recorded in the 
second row of Table IT. It can be seen that significant decreases of the in- 
organic, the residual, and of the alcohol-soluble P were found after the 
longer periods of fasting, in addition to the statistically very significant de- 
erease of the total acid-soluble P. A slight increase of the phosphoglycerol 
is also suggested. 


DISCUSSION 


The significance of the changes in the distribution of phosphorus during 
fasting is as yet uncertain. In themselves they do not indicate either the 
direction or the extent of possible changes in the rates of turnover of the 
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phosphorus compounds in the liver. It seems likely that the new pattern 
in the distribution of phosphorus caused by fasting is correlated with some 
change in the metabolism of the body, probably with the shift from the 
combustion of carbohydrates to that of proteins and fats. This assumption 
is supported by the fact that the fasting levels of liver glycogen and the 
phosphorus changes occur at the same time. 

The striking similarity between the changes of easily hydrolyzable and 
phosphoglycerol P is not explained by any of the current theories of the 
interrelationships between phosphorus compounds. Although these two 
fractions differ widely in their chemical stability, both appear labile in vivo, 
The changes of the inorganic P during fasting bear an obvious inverse rela- 
tionship to them. ‘Together, these three fractions form an apparently 
closely connected group. On the other hand, the fourth main fraction 
studied, the ‘“‘mercuric-insoluble” P, appears unchanged during the fast. 
It is rather surprising that the changes of easily hydrolyzable P, representing 
the labile phosphorus of the nucleotides, are not reflected in changes in the 
“mercuric-insoluble” fraction, which contains the stable portion of the 
nucleotide P.' This would indicate that the concentration of the stable 
portion of nucleotides may remain constant, even though its degree of labile 
phosphorylation varies. This would mean that a changing mixture of 
nucleotides would be found in different conditions. That is, in fasting 
animals a larger proportion of the nucleotides would be present in the form 
of adenylic acid and adenosine diphosphate, and a smaller proportion in the 
form of triphosphate, as compared with fed animals. 

The decrease of the total acid-soluble P’concentration in the liver may 
perhaps be related to the acidosis of fasting. A much greater amount of 
phosphorus is lost owing to the decreased liver weight of fasted animals. 
Fasting for 24 hours reduced the liver weight from 9 gm., 4.6 per cent of 
body weight, to 5.5 gm., 2.8 per cent of the body weight. The loss of 
phosphorus amounts to over 4 mg. per 200 gm. of rat. This phosphorus 
may perhaps be taken up by the muscles, thus reversing the process occur- 
ring during glycogen deposition. 


SUMMARY 


In studies of the distribution of the acid-soluble phosphorus in the livers 
of fed and fasted rats, the concentration of inorganic P was found to be 
markedly increased after 24 hours of fasting, while that of the easily hy- 
drolyzable and of the phosphoglycerol P was reduced considerably. The | 
total acid-soluble P was reduced slightly after 24 hours of fasting and more 
after 48 to 96 hours. 

1A few determinations of purine N also did not indicate any decrease of the 
nucleotide nitrogen during fasting. 
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By 8S. RAPOPORT, ERNST LEVA, ann GEORGE MARTIN GUEST 


(From the Children’s Hospital Research Foundation and the Departments of Pediatrics 
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(Received for publication, April 5, 1943) 


The marked changes in the distribution of the acid-soluble P in the 
liver of fasting rats (1, 2) suggested the possibility that the withdrawal of 
a single component of the diet was specifically responsible for these changes. 
To obtain further evidence on this point it was decided to study the ability 
of various substances fed to fasting rats to restore the distribution of phos- 
phorus in their livers to normal. Accordingly, rats, after a preliminary 
fast of 48 hours, were divided into four groups, and were fed glucose, casein, 
olive oil, or a mixed diet. The values for the concentrations of total 
acid-soluble P and its four main fractions, namely the inorganic, the easily 
hydrolyzable, the phosphoglycerol, and the ‘‘mercuric-insoluble’’ P' in the 
livers of these rats, were determined and compared with values found in 
appropriate control groups. 


Methods 


Male rats weighing 155 to 245 gm. of Sprague-Dawley stock were used. 
They were kept on the stock diet of the laboratory (3) for at least 1 week 
before the beginning of the experiments. After a preliminary fast of 48 
hours they were given access to weighed amounts of stock diet, glucose, 
casein, or olive oil for a period of 20 hours. The amounts consumed were 
determined by weighing the remaining food. Although some losses oc- 
curred through scattering of the food, they are believed to have been small 
compared with the amounts actually consumed. Throughout the experi- 
ments the animals had free access to drinking water. 

During the preliminary 48 hour period of fasting the animals lost on the 
average 23.7 gm. of their body weight. During the feeding period of 20 
hours they regained weight as follows: on the mixed diet, 15.1 + 1.8 gm.; on 
glucose, 1.4 + 0.9 gm.; on casein, 3.5 + 0.7 gm.; and on olive oil, 1.5 + 
0.7 gm. 

The preparation of the trichloroacetic acid extracts of the liver and the 
analytical methods used have been described previously (2,4). The results 
were evaluated statistically according to the methods of Fisher (5). 


‘The fraction thus designated comprises phosphorus compounds which are 
precipitated with mercuric acetate at pH"S, as described under “‘Fractionation of 
extract’’ in the preceding paper. 
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; Distribution of Acid-Soluble P in Livers of Rats Fed a Mixed Diet, Glucose, Casein, or 
% Olive Oil 

After a preliminary fast of 48 hours, the animals were offered the test foods for a 
period of 20 hours. 




















. ne Total - | Easily | “Mercuric- 
Testfoot | R2t | contd | welt | fi: » | MEN | moe (pect mile 
. : me. per me. per mz. per me. per me. per 
sm. sm 100 em. 100 gm 100 em 100 em 100 em. 
Mixed diet | G37 14.5 9.3 | 90.7 19.6 19.4 22.9 
G38 14.5 8.9 | 93.8 | 21.5 | 16.8 | 27.9 
G49 | 13.0 8.1 | 85.7 18.0 | 15.0 | 25.4 | 25.6 
G50 | 12.5 | 9.4) 88.8 16.7 | 15.2 24.9 | 26.1 
G72 15.0 9.2 | 100.2 22.8 | 12.1 | 25.3 29.0 
G75 10.0 7.6 | 95.6 16.2 17.7 25.0 | 28.5 
G76 10.0 7.0 93.4 16.1 17.1 23.7 29.1 
12.8 8.6 92.6 18.7 16.2 26.0 | 27.7 
+0.4 | +1.8 +1.0 340.9 3406 +0.8 
Glucose G39 8.5 8.9 | 82.0 15.7 13.3. | 22.0 
G40 9.0 9.3 92.2 17.9 17.7 25.7 
G5l 9.0 9.8 | 85.5 15.4 17.4 22.5 | 24.3 | 
352 8.3 8.7 | 83.8 16.0 16.3 | 25.1 26.0 | 
G73 8.1 7.2 /111.8 | 20.6 18.8 | 22.6 | 226 | 
G74 9.0 7.9 | 100.4 15.0 20.2 25.0 | 25.0 
i G77 | 9.7 7.7 | 98.0 13.5 | 205 | 26.8 | 26.8 
| G78 10.0 8.8 93.8 10.1 22.9 | 26.5 | 26.5 
a, 9.0 8.5 93.4 165.56 18.4 24.5 © 25.2 
+0.3 +4+3.6 +1.1 41.0 +0.7 | 40.7 
Casein G4l 7.5 7.2 89.8 | 30.6 10.3 15.2 | 28.9 
G4 | 9.0 7.0\ 988 | 323 | 93 | 135 | 28 ? 
ass | 7.8 | 7.6| 79.3 | 29.0 | 89 | 13.7 | 27.3 | 
| G54 8.0 7.2 | 97.8 | 34.5 12.2 | 18.7 31.0 
G79 6.4 5.7 | 85.4 27.1 10.8 | 17.3 | 21 | 
G80 7.2 6.6 88.3 28.2 11.9 14.8 28.7 
7.7 6.9 882 30.3 10.6 1656 291 | 
+0.3 426 41.1 405 3409 +06 
Olive oil G43 5.0 5.0 91.2 26.1 7.7 19.2 | 27.9 
G4 5.0 5.0 91.1 25.3 9.2 16.1 28.1 
G55 4.6 6.4 87.0 | 23.8 8.0 | 17.6 | 26.0 
G56 4.6 5.4 86.0 24.5 | 10.0 17.3. 27.2 
G8 5.1 4.8 92.3 26.9 9.3 21.0 | 2.12 | 
G82 6.8 5.1 88.0 23.0 13.3 | 20.2 | 68 | 
5.2 5.3 89.3 24.9 9.6 18.6 27.4 
+0.3 41.0 +06 +08 /108 +03 


The bold-faced figures indicate the mean values and their standard errors. 
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Results 


In Table I are presented data on the effect of varying diets on the dis- 
tribution of acid-soluble P in the livers of the rats. The individual data as 
well as the mean values for the total acid-soluble P and for four of its main 
fractions are included. In Table II are summarized the differences between 
the values for the four experimental groups and those for two control 
groups—one fed, and the other fasted for a period of 48 hours or longer. 
Also included in Table II are the estimates of the significance of these 
differences. 





TABLE II 
Acid-Soluble P in } Livers of Rats. Differences and Estimates of Their Significance 
Total acid- | Easi Phospho- **Mercuric- 
soluble P| Inorganic P hydrolyzable P glycerol P insoluble” P 
Differ- | Differ- Differ- | Differ- Differ- ey 
ence ° | ence »° | ence e° ence e* | ence »” 
me. per | mg. per | me. per | me. per | mg. per 
100 gm. | 100 gm. | 100 gm. | 100 gm. 100 gm. 


Fed vs. | Mixed diet |+11.3)0. 001 —0. 90. 5 | -—0.40.7 | +2. 80. -02 | | —0.2) 0.9 
| Glucose '+10. 50. 02 | +2. 30. 1 —2. 60. .06 | +3.20.01 +2.3) 0.01 

Casein +15. 7/0. 001 — 12. 50. 001! +5.20. 001) +12. 2'0.001! —1.6| 0.05 

Olive oil (+14. 70. oot) —7. 10. 001 +6. 20. 001 +9.2:0.0011 +0.2! 0.8 


Fasted | Mixed diet —3.50.2 | 47. so. 001 —5. <p. 001, ~6.8 0.001, +0.2 





0.8 
48hrs. Glucose | —4. ap.3 3 |+10.80. 001 —7.70. oot —6.3}0.001, +2.7) 0.01 
or Casein +0. 90.8 —4, 10. 01 | +0. 10 9 | +2.7/0.02 -1.3) 0.1 
longer | Olive oil | —0.10.9 | +1.30.2  +1.10.3 | -0.40.7 | +0.5) 0.3 


*p= percentage chance that : a deviation as great or greater than that observed 
would arise by chance alone; any value of p 0.05 or less is usually accepted as indi- 
eating a significant difference. The bold-faced figures indicate significant differ- 
ences. 


In the group fed the mixed diet the inorganic P and theeasily hydrolyzable 
P were restored to the levels of the fed control group. The phosphoglye- 
erol P, although greatly increased above fasting levels, was significantly 
lower than that in the fed controls. No significant changes were observed 
in the “‘mercuric-insoluble” P. The total acid-soluble P did not differ 
significantly from that in fasted rats. 

In theglucose-fed rats the results in the main were similar but with some 
interesting modifications. The data suggest that the inorganic P was even 
lower, and the easily hydrolyzable P higher, than it was in the fed controls. 
As in the group receiving the mixed diet, the phosphoglycerol of this group 
was greatly increased, but remained significantly lower than that in the fed 
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rats. The ‘“‘mercuric-insoluble’”’ P of the glucose-fed rats was distinctly 
lower than that in either the fed or fasted control groups. 

In the casein-fed rats the inorganic P was higher and the phosphoglycerol 
lower than in the fasted group, while the other fractions did not differ 
significantly. 

Olive oil, of all the test foods, had the least effect on the distribution of the 
P in the liver, the concentrations of the various fractions remaining un- 
changed. 

In Table I are also listed the liver weights of the various experimental 
groups. A comparison shows figures not significantly lower for rats fed a 
mixed diet or glucose than those for the fed controls. They were as low in 
the rats fed olive oil as in those fasted, and intermediate for the casein-fed 
group. 

DISCUSSION 

The data presented indicate clearly that glucose alone was able to pro- 
duce the same effect on the distribution of phosphorus in the liver as a 
normal mixed diet. Consequently, one may assume that the changes of 
phosphorus found in fasted rats were due mainly to the withdrawal of car- 
bohydrates. The lower concentrations of inorganic and the higher con- 
centrations of easily hydrolyzable P of glucose-fed rats, compared with 
normally fed controls, suggest a relationship between these two fractions 
and the level of liver glycogen which is known to be above normal in such 
animals. The fact that the acid-soluble P did not increase, and that the 
phosphoglycerol level remained lower than in the fed controls, might 
indicate a relative deficiency of readily available P in the body. Never- 
theless, the absolute amount of P in the liver was greatly increased, in direct 
proportion to the increased weight of the liver. This P, since none was fed 
to the rats, obviously was mobilized from other tissues, perhaps primarily 
from muscle. The ‘“mercuric-insoluble” fraction, though somewhat di- 
minished in concentration, was present in greatly increased amounts. This 
fact in conjunction with the behavior of the easily hydrolyzable P would 
indicate that the liver was able to synthesize with great ease the adenine 
nucleotides, represented in these fractions. 

Owing to the higher inorganic P and the lower phosphoglycerol values, as 
compared with those of rats fasted 48 hours, the distribution of phos- 
phorus in casein-fed rats was approximately the same as in those fasted for 
24 hours only. In the two latter groups a preferential utilization of pro- 
teins may have constituted the common factor responsible for the similarity 
in the distribution of phosphorus. The failure of casein to restore the dis- 
tribution of phosphorus to the levels of the fed rats merits attention in view 
of the fact that the livers of the casein-fed animals contained considerable 
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deposits of glycogen. The livers also contained increased amounts of P, in 
proportion to their increased weight. This would suggest a difference be- 
tween the glycogen formation from proteins and from carbohydrates in 
their relationship to the phosphorus of the liver. 

The following hypothesis may be advanced in explanation of the fact 
that the changes of metabolism are reflected by only moderate changes of 
the levels of the various P compounds. Some or all of the acid-soluble P 
compounds, though they may be chemically homogeneous, consist of two 
biologically differentiated parts, one nearly constant, concerned with the 
general metabolism of the liver cells, and the other variable, perhaps specif- 
ically related to the metabolism of carbohydrates. For instance, it might 
be assumed that a concentration of 16 mg. of phosphoglycerol per 100 gm. of 
liver, such as was found in fasted and casein-fed rats, is required for the 
normal function of the liver cells, while the increment of 12 mg. per 100 
gm., found in fed rats, may have a specific function in their carbohydrate 
metabolism. 


SUMMARY 


In studies of the distribution of acid-soluble phosphorus in the livers of 
rats fed glucose, casein, olive oil, or a mixed diet after a preliminary fast of 
48 hours, glucose alone was found capable of restoring the concentrations of 
inorganic, easily hydrolyzable, and phosphoglycerol P to the levels in the 
livers of fed control animals. The concentration of the total acid-soluble 
P of these rats remained at its fasting level. 
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THE EQUILIBRIA OF ISOMERASE AND ALDOLASE, AND THE 
PROBLEM OF THE PHOSPHORYLATION OF 
GLYCERALDEHYDE PHOSPHATE* 


By O. MEYERHOF anv R. JUNOWICZ-KOCHOLATY 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, February 23, 1943) 
As was shown some years ago (2-4) hexose diphosphate is split into triose 
phosphate by the reaction catalyzed by the enzyme zymohexase according 
to the following equation, 


dihydroxyacetone phosphate 


Wl 


Hexose diphosphate — d-3-glyceraldehyde phosphate + dihydroxyacetone 
phosphate 


(1) 


While in the final state at least 95 per cent of the triose phosphate is di- 
hydroxyacetone phosphate (2), it can be proved, nevertheless, that the 
reaction starts with the cleavage into 1 mole of aldotriose and 1 mole of 
ketotriose, owing to an enzyme which has been called aldolase. Isomeriza- 
tion is brought about by a second enzyme which has been called isomerase 
(5). The most direct proof of this sequence of reactions can be supplied 
by trapping the triose phosphate before isomerization sets in; e.g., by 
hydrazine. In the presence of hydrazine about equal quantities of glycer- 
aldehyde phosphate and dihydroxyacetone phosphate are obtained (6). 
The equilibrium constant of the isomerase reaction is of special interest, 
since in the steady state all sugar breakdown goes by the way of glycer- 
aldehyde phosphate (7). 

Negelein and Brémel (8) assumed that the precursor of the 1 ,3-diphos- 
phoglyceric acid, which they had isolated, was a 1 ,3-diphosphoglyceralde- 
hyde, formed spontaneously by addition of phosphate to 3-glyceraldehyde 
phosphate. If this is true, then in the presence of phosphate the following 
four equilibrium constants must exist. 


|3-glyceraldehyde phosphate] -(dihydroxyacetone phosphate] 


I. 4 ao - 
Kaldolase {hexose diphosphate] 


* A preliminary report of part of this paper was given at the Chicago meeting of the 
Federation of American Societies for Experimental Biology, April, 1941 (1). 
Aided by grants from Hoffmann-La Roche, Inc., Nutley, New Jersey, and from the 
Penrose Fund of the American Philosophical Society. 
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[dihydroxyacetone phosphate] 
[3-glyceraldehyde phosphate] 





II. Kisomerase = 


(dihydroxyacetone phosphate]? 
[hexose diphosphate] 





III. Kzymohexase = Kisomerase*Kaldolase = 


(glyceraldehyde phosphate] - [phosphate] 
{diphosphoglyceraldehyde} 





IV. K phosphorylation mo 


Since part of the 3-glyceraldehyde phosphate would be removed by the 
formation of the hypothetical diester in the presence of inorganic phosphate, 
high concentrations of phosphate should act as an interceptor for the aldo- 
triose. The measurement of the equilibrium of isomerase had _ been 
attempted previously (9) and no increase of the total aldotriose was found 
in the presence of inorganic phosphate (cf. (1)). Doubts, however, arose 
as to whether the previous value of 90 for Kisomerase Was correct. At 
equilibrium purified samples of triose phosphate, precipitated with barium 
acetate and alcohol, had been shown to contain 1.0 to 1.5 per cent glycer- 
aldehyde phosphate. But owing to the instability of the triose phosphate, 
the purified samples correspond to only about one-fourth of the total triose 
phosphate formed in the enzymatic equilibrium and cannot be taken as 
representative, especially as the barium salt of the aldotriose is less soluble 
than that of the ketotriose (3). 

These doubts were increased by the publication of a paper by Herbert, 
Gordon, Sabrahmanyan, and Green (10) on the purification of zymohexase. 
The authors studied the equilibrium of aldolase freed from isomerase ((I) 
above). Since equilibrium (III)! had been studied previously for various 
temperatures and concentrations of the reactants (2, 4, 5), Kisomerase 
could now be calculated as Kyymonexase/Aaidolose- Using the aldolase 
values of Herbert et al. together with our own zymohexase values, one 
obtains Kisomerase Of about 25 to 30. Herbert et al. calculated with one 
value for Kiymohexase that Kisomerase = 36.3. Although their presentation 
is confused by some numerical errors, the result as far as we can see is 
correct when their own experimental figures are used. In this way one | 
obtains 2.7 to 4.0 per cent as the calculated content of the glyceraldehyde 
phosphate in the triose phosphate at equilibrium. 

We therefore first redetermined the equilibrium constant of the isomerase 
reaction by improving the methods for measuring very small amounts of 
glyceraldehyde phosphate in the presence of large amounts of hexose di- 





1 In studying equilibrium (III) we took the concentration of dihydroxyacetone 
phosphate to be identical with the concentration of the total triose phosphate. The 
difference, owing to neglect of the small amount of glyceraldehyde phosphate, is | 


negligible. 
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phosphate and dihydroxyacetone phosphate. After this was done, we 
applied the same procedure to equilibrium mixtures in the presence of high 
concentrations of inorganic phosphate, and of phosphate together with the 
purified oxidizing enzyme of Warburg and Christian (11, 12) in the 
presence and absence of cozymase, to find out whether equilibrium (IV) 
does exist and if so under what conditions. 

Finally in the later stage of this work we repeated these measurements 
with purified isomerase which one of us (O. M.) had prepared with Dr. 
Lyle Beck. While the work on purification will be reported separately, 
some equilibrium experiments are included here to show the complete 
agreement with the K values obtained with isomerase in the presence of 
aldolase. 

Preparation of Substrates and Enzymes—Hexose diphosphate, which was 
used for the measurement of equilibria as well as for the preparation of 
triose phosphate, was obtained by fermentation of glucose by dried brewers’ 
yeast (Ballantine) and was purified as acid Ba salt by precipitation with 
alcohol at pH 3.8 according to suggestions of Robison. In the prepara- 
tion of a large amount of this salt, we had the kind help of Dr. Duschinsky 
of Messrs. Hoffmann-La Roche. The content of P in our preparation is 
10 to 11 per cent, of Ba 36 per cent. 


CsHi20i12P:Ba. Calculated. P 13.05, Ba 28.9 
CsH190i2P2 Baz. “ ** 10.14, “ 45.0 


About a twelfth of the total P is inorganic. 90 to 94 per cent is saponifiable 
by alkali at 100° in 3 minutes (13); 84 to 90 per cent is transformable into 
triose phosphate in the presence of zymohexase and KCN and represents, 
therefore, the true content of hexose diphosphate of the preparation (14). 

For d-3-glyceraldehyde phosphate we used triose phosphate prepared 
enzymatically in the presence of hydrazine (6). The principle of this 
method consists in capturing the triose phosphate during enzymatic in- 
cubation by means of an excess of neutralized hydrazine hydrochloride, 
decomposing the hydrazones in the deproteinized solution by means of 
benzaldehyde, and removing the benzaldehyde with ether. Fresh prepara- 
tions of the barium salt contain a little more than 50 per cent d-glyceralde- 
hyde phosphate and a little less than 50 per cent dihydroxyacetone phos- 
phate. The dihydroxyacetone phosphate is less stable and decomposes 
slowly into methylglyoxal and phosphate, while the amount of d-glycer- 
aldehyde phosphate is altered very little. In preparations kept some 
months in the ice box, more than 80 per cent of the remaining triose 

2 Herbert et al. refer to an unpublished method, recommended to them by the late 


Professor R. Robison. Probably this method is very similar to that used here 
(ef. MacLeod, M., and Robison, R., Biochem. J., 27, 286 (1933), foot-note p. 287). 
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phosphate consists of the latter. A fresh preparation contains 6.5 to 7.5 
per cent triose phosphate P, 0.4 to 0.8 per cent inorganic P, and 0.5 to 0.7 
per cent unsaponifiable organic P. When calculated from the organic P, 
it is 90 to 93 per cent pure triose phosphate. From 150 ec. of dialyzed 
muscle extract and 500 mg. of hexose diphosphate P in a total volume of 
400 cc., 2.5 to 3.0 gm. of the purest fraction of the barium salt were pre- 
pared, containing more than 200 mg. of triose phosphate P. 

Use of this preparation in experiments with d-glyceraldehyde phosphate 
has several advantages over the use of racemic glyceraldehyde phosphate 
(Fischer-Baer ester (15)). The barium salt is more stable, apparently 
being somewhat protected by the dihydroxyacetone phosphate, so that it 
can be used for several months with little decomposition of the glyceralde- 
hyde ester. Since the dihydroxyacetone phosphate is optically inactive, 
the polarimetric molybdate method (16, 6) can be applied to measure the 
content of glyceraldehyde phosphate in the preparation itself as well as 
after enzymatic incubation. This method of high sensitivity is not ap- 
plicable to racemic aldotriose. If isomerase is present, the total triose 
phosphate will be metabolized. Absence of isomerase in the enzyme frac- 
tions is tested by determining whether the percentage of glyceraldehyde 
phosphate in the total triose phosphate undergoes any change if incubated 
with the enzyme in question. 

Cozymase, which was used for studying equilibrium (IV) in the presence 
of the oxidizing enzyme as well as for checking the activity of this enzyme, 
was prepared according to Ohlmeyer (17, 18), with some modifications 
introduced by Schlenk (19) and Jandorf (20). In this way we prepared 
about 2 gm. of cozymase of 74 per cent purity. Smaller samples were 
purified with AgNO; + alcohol to a final purity of 85 per cent. The purest 
fractions were tested by hydrogen uptake in the presence of hydrosulfite 
(formation of dihydrocozymase (21)). 

The following enzymes were prepared in various states of purity: zymo- 
hexase, aldolase, isomerase, and the “oxidizing enzyme” of Warburg and 
Christian. As zymoherase we used at first the dialyzed extract of an ace- 
tone powder of a fresh muscle extract. Since this extract contains im- 
purities which impair the action of the oxidizing enzyme, we later employed 
a fraction obtained by partial saturation with (NH,).SO,, using a procedure 
similar to the first steps in the purification of the aldolase of Herbert et al. 
The fraction precipitating between 21 and 30 per cent ammonium sulfate 
was dissolved in 3 times its volume of distilled water, reprecipitated by 0.85 
volume of a saturated ammonium sulfate solution containing one-twentieth 


3 We are much obliged to Messrs. Hoffmann-La Roche, Inc., for supplying us with 
5 gm. of a crude fraction of cozymase (36 per cent pure). 
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of its volume of a 13 N NH; solution, and finally dialyzed for 20 hours 
against distilled water. 

For obtaining isomerase free from aldolase we made use of the observation 
that it is more soluble in ammonium sulfate solution. The further purifi- 
cation will be described with Dr. L. Beck. 

Aldolase free from isomerase was prepared according to Herbert et al., 
but the last purification steps were omitted after it was observed that 
zymohexase B could be freed from isomerase by precipitation with 0.67 
volume of a saturated ammonium sulfate solution, dissolving the precipi- 
tate in distilled water, and precipitating anew by ammonium sulfate 
brought to pH 5 with citrate. By this reagent aldolase is precipitated at 
a final ammonium sulfate concentration of 24.0 per cent (0.45 saturated), 
while isomerase remains in solution. The redissolved aldolase is adjusted 
to pH 8, since otherwise it is rapidly inactivated. 

The oxidizing enzyme was prepared according to Warburg and Christian 
with some modification. In order to obtain a stable and nearly pure 
enzyme, of the same activity as that described by the German authors 
(1 y of protein per cc., bringing the reduction of 0.5 mg. of cozymase to 80 
per cent completion in 3 minutes at optimal pH and phosphate concentra- 
tion), several changes have to be introduced in their procedure when 
maceration juice of American bakers’ yeast is used as a source of the 
enzyme. The extract of the acetone powder is not heated to 55°, but 
immediately precipitated by acetic acid. The fraction obtained by neu- 
tralizing to pH 5.0 or 4.9 is discarded, and the fraction from pH 4.9 to 4.6 
is kept. (Warburg and Christian discard the fraction until pH 4.75 is 
reached, but with our yeast most of the active enzyme would be lost.) 
The nucleoprotein, precipitated by acetic acid and redissolved at pH 6.0 
with NaOH, is decomposed by salmine sulfate.‘ A solution of salmine 
sulfate containing 26 mg. per cc., warmed to 37°, is added to the solution 
of the enzyme until no further precipitation occurs. After treatment with 
Al(OH); the solution is heated twice for 15 minutes at 58° to destroy aldo- 
lase and isomerase. If traces of the latter remain, the heating is repeated 
at 60°, with a negligible loss of activity. An essential modification of the 
method of Warburg and Christian consists in the addition of glutathione in 
neutral solution to a final concentration of M/40. Only in the presence of 
glutathione could the enzyme be kept in solution for weeks with little loss 
of activity. Glutathione apparently fulfils a double function: as complex 
former for traces of heavy metal salts and as reductant for the sulfhydryl 
groups of the enzyme (22). For all tests of the enzyme, glutathione was 


*We are much obliged to Messrs. Sharp and Dohme, Inc., for their courtesy in 
supplying us with pure samples of salmine sulfate. 
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added to the dilutions so that its final concentration was at least 2.5 & 10-3 
m. The activity of the oxidizing enzyme is tested manometrically with 
cozymase in the presence of arsenate, with NaHCO;-NH,HCO, mixture 
in an atmosphere of N2 with 5 per cent CO.. Two acid groups are gen- 
erated by the following reaction, 


(2) d-3-Glyceraldehyde phosphate + cozymase (+ arsenate) = d-3-phosphoglyceric 
acid + dihydrocozymase ( + arsenate) 


Determination of Glyceraldehyde Phosphate—The outcome of the present 
work depends wholly on a reliable method of determining quantitatively 
very small amounts of glyceraldehyde phosphate. The principle of our 
former method consisted in the oxidation of the triose phosphate by iodine 
in weakly alkaline solution: the d-3-phosphoglyceric acid which is formed 
by oxidation is measured by its optical rotation in the presence of molyb- 
date. Since [a], for d-3-phosphoglyceric acid is —740° (16) the method 
is sensitive enough to be immediately applied to as little as 10 y of P of 
glyceraldehyde phosphate per cc. of the original solution. But in the 
presence of interfering substances and with still greater dilutions it becomes 
necessary to concentrate the solutions and to remove or render harmless 
the interfering substances without destroying the glyceraldehyde phos- 
phate. The interfering substances are phosphate, oxidized glutathione, 
and ammonium sulfate. 

The former method of precipitation of the triose phosphate by barium 
acetate from the enzymatic mixture had to be abandoned because of the 
losses referred to above, especially since the fractionation in the presence 
of large amounts of inorganic phosphate leads to further losses. While 
inorganic phosphate up to 1.0 mg. of P per cc. (0.03 m) does not interfere 
with the polarimetric measurements, only slightly decreasing the value of 
the specific rotation, higher concentrations cause trouble in various ways 
and the phosphate must be removed. 

Our new method consists in oxidizing the d-glyceraldehyde phosphate 
in the original trichloroacetic acid filtrate by iodine to d-3-phosphoglyceric 
acid, concentrating the solution in vacuo, removing the inorganic phosphate 
by magnesia mixture, and precipitating the phosphoglyceric acid together 
with the unchanged hexose diphosphate by barium acetate + alcohol. 
The advantage of this procedure is the immediate oxidation of the unstable 
glyceraldehyde phosphate to the very stable phosphoglycerice acid which 
withstands all manipulations without alteration. The main points in- 
volved may be described briefly. 

Oxidation by Iodine—The glutathione in the enzymatic mixture inter- 
feres considerably with the oxidation of glyceraldehyde phosphate. Only 
by using a great excess of iodine, 1.5 to 2.0 ec. of m iodine + KI for 0.8 
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to 1 ec. of 0.1 N glutathione, and warming the solution during oxidation 
for half an hour at 37° does one succeed in destroying the oxidized gluta- 
thione and in bringing the oxidation of the glyceraldehyde ester to com- 
pletion. This excess of iodine is also necessary to replace the iodine 
precipitated by ammonium sulfate in weakly alkaline solution. After 
completion of the oxidation the iodine is reduced by 39 per cent KHSO; 
in acid solution, and the iodoform which is formed by side reactions from 
methylglyoxal is removed by rapid centrifugation. The oxidized s»lution, 
neutralized to Congo red, is concentrated from an initial volume of 50 to 
10 ce. in a Corning vacuum distillation apparatus at an outside tempera- 
ture of 52°. This avoids the formation of decomposition products of hexose 
diphosphate, which can react with molybdate. 

Inorganic phosphate is removed by ammoniacal magnesia mixture. 
The loss of phosphoglyceric acid by adsorption on the precipitate is small 
if a little less magnesia mixture is used than is sufficient for removing all of 
the inorganic phosphate. 

After centrifuging, the cooled solution is neutralized to pH 6. Enough 
barium acetate is added to precipitate all sulfate and organic phosphate 
and the precipitation is completed by 2 volumes of alcohol. Such an 
amount of alcohol is necessary since the solubility of the acid barium salt 
of phosphoglyceric acid is increased in the presence of ammonium salts 
(23). The precipitate is centrifuged off, washed with 10 per cent alcohol, 
the alcohol removed by a current of air, and the precipitate vigorously 
shaken for 2 hours with 2 ec. of 2N H.SO,. The solution after centrifuging 
plus the wash water of the precipitate is placed in a small measuring 
cylinder, neutralized, and cleared by rapid centrifugation. It amounts to 
5 to 7 ce. 

The polarimetric measurements are made in a Lippich-Landolt half shade 
polarimeter of 4 dm. length with monochromator. An 8 volt Mazda lamp 
with condenser served as the source of light. For the concentrated solu- 
tions semimicro tubes of 2 ec. capacity for 2 dm. or 4 ce. for 4 dm. were 
used. 

The solutions were saturated with oxygen before the tubes were filled, 
in order to avoid a slow development of blue color with molybdate by the 
presence of traces of reducing substances. Generally 0.7 to 0.8 cc. of 30 
per cent ammonium molybdate (Merck) was added to 2.0 cc. of the solu- 
tion. The difference in rotation recalculated for this dilution before and 
after addition of molybdate is referred to in the headings of the tables as Aa. 

General Remarks—In many instances some of the steps of this procedure 
could be omitted; e.g., the treatment with magnesia mixture if no phos- 
phate was used in any sample of the experiment in question. The possible 
loss in the experiments of Tables I and V was checked by determining the 
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organic phosphate recovered in the solutions used in the polarimetric meas- 
urements. This content should be equal to the hexose diphosphate not 
transformed plus the phosphoglyceric acid generated by oxidation. The 
dihydroxyacetone phosphate is decomposed by the magnesia mixture and 
is determined as inorganic phosphate. Since the barium salt of phospho- 
glyceric acid is less soluble than that of hexosediphosphoric acid, the ob- 
served loss of organic phosphate, between 0 and 30 per cent, is somewhat 
higher than the loss of phosphoglyceric acid. Since it was necessary to 
have solutions concentrated enough for finding Aa values of at least 0.15° 
to 0.20°, losses as high as 30 per cent in unfavorable cases could not be 
avoided. On the other hand, blanks were run with the same enzyme 
mixture at zero time, and after incubation, but without oxidation. The 
latter is necessary in some cases, e.g. with addition of cozymase, to measure 
preformed phosphoglyceric acid in distinction to that formed by iodine. 
For the evaluation of the measurements without concentration, corrections 
for these blanks had to be applied. In the measurements of the concen- 
trated barium precipitates the corrections were negligible and were not 
used in the final calculation of the results. 

Determination of Phosphate—The various phosphate fractions are deter- 
mined as in the preceding paper (18), by the Fiske-Subbarow method 
adapted to this purpose. The value found by the polarimetric method for 
glyceraldehyde phosphate is calculated as a percentage of the “alkali- 
saponifiable” phosphate; 7.e., the phosphate split off by NaOH in 15 min- 
utes at room temperature. The amount of glyceraldehyde phosphate can 
also be measured by the decrease of this .alkali-saponifiable phosphate 
produced by oxidation with iodine, whereby phosphoglvceric acid is formed. 
However, this method for the determination of glyceraldehyde phosphate 
by the difference of alkali-saponifiable P before and after iodine treatment, 
taken by Herbert et al. and Iri (24) from our older publications, is less 
accurate than the present method and has been used in the present work 
only for some preliminary experiments. 


Equilibria in Absence of Inorganic Phosphate 


While Kyymonexase has been determined previously and Kyjdotace had been 
measured by Herbert et al., Kisomerase is determined directly in the present 
paper. This was done in some cases with preparations of zymohexase, in 
others with purified isomerase. Since with the latter none of the triose 
phosphate is converted to hexose diphosphate regardless of temperature, 
larger readings can be obtained than with zymohexase provided that high 
concentrations of triose phosphate are used. Barium precipitation, there- 
fore, is unnecessary. 

We shall first describe the measurements with zymohexase. A series 
of preliminary experiments was run without concentrating; a 4 dm. tube 
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of 30 cc. capacity was used. The mean of ten such measurements between 
60-20° was 4.2 per cent glyceraldehyde phosphate, with variations from 
2.2 to 8 per cent. Since the rotations were about —0.10° and corrections 
for impurities had to be applied, the results did not prove to be accurate 
enough. In Table I all experiments carried out according to the procedure 
described in the foregoing section are reproduced. Since they were per- 
formed in the absence of inorganic phosphate, Mg precipitation was omit- 
ted. The twenty-five experiments at 60-30° give an average value of 4.4 
per cent glyceraldehyde phosphate in the total triose phosphate, inde- 
pendent of temperature; the means of 4.05, 4.8, and 4.2 for 60°, 40-38°, 
and 30° respectively agree within the limits of accuracy of the method. 
The losses by incomplete oxidation and incomplete recovery of the barium 
precipitate may amount to 10 per cent or somewhat more. ‘The experi- 
ments of Table I are evaluated for the equilibrium constants in Table IT. 

The marked variation of the equilibrium of zymohexase with tempera- 
ture, which obeys closely the van’t Hoff law of isochores (2, 4), is wholly 
due to the aldolase, as had been deduced previously from the thermody- 
namics of the reaction. There is a dependence on pH too, to which less 
attention was paid in former work. The K values are maximal in the 
neighborhood of pH 7.5 and generally lower at pH 8.5 and 7.0. Since most 
of the experiments of Table I were performed in the absence of buffers, but 
near to neutrality, differences of Kyymohexase for the same temperature are 
mainly due to slight variations of the pH. This influence is due to the 
aldolase, since the isomerase is not affected by the pH. 

The results obtained for the different equilibrium constants can be 
checked by two independent sets of experiments: determination of the 
equilibrium with aldolase preparations free from isomerase and with 
isomerase free from aldolase. The first has already been done in part by 
Herbert et al. But since they had made no measurements at 60°, at which 
our values are the most accurate, we carried out such a series of experi- 
ments, reproduced in Table III. For thirteen different preparations of 
aldolase made by various methods of fractionation of zymohexase, all free 
of isomerase, the K gidoiase at 60° was determined according to the equation 
Ksidotase = } X [triose phosphate}?/[hexose diphosphate]. The absence of 
isomerase is assumed, if by iodine oxidation 50 per cent or more of the 
alkali-saponifiable P has disappeared. (The disappearance is a little 
greater than 50 per cent, because in addition to the glyceraldehyde phos- 
phate some of the dihydroxyacetone phosphate is destroyed by the alka- 
linity during oxidation.) The mean value for K gidoinse at 60° in Table IIT 
amounts to 4.0 X 10~‘ instead of 4.5 X 10-* shown in Table II. For 38° 
Herbert et al. found with purified aldolase 1.19 X 10~*, which corresponds 
closely to the value 1.33 X 10~‘ found in Table II for the same temperature. 

A similar agreement results from the experiments with isomerase freed 
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Taste I 
Per Cent of Glyceraldehyde Phosphate in Zymohexase Equilibrium 


ma 
alde 
: Ex- ; Triose Glycer- hyde 
Tem- peri- Pro Enzyme ; Vol- Hexose phos . 4 de- phos- Recov- 
pera- | nent tocol | prepara- | Time use® diphos phate —Sat | hyde | phate | Mean ery of 
ture | No. No. tion phatet Gamed phos in P 
phate _triose 
phos- 
| phate 
C sec. ee mg. P } od degrees | mg. P | faa | Fa jd 
60 | 1 | 55) Ac 40 65 40.4 40 0.915 0.66 | 4.1 
2 55 3 80 | 65 40.4 35 0.56 | 0.39 2.8 
| 3] sol “ 60 71 | 28.3 52 | 0.804 0.51 | 3.45 
| 4 65; “ 50 | 63 30 47 0.654 0.535) 3.75 
| 5 | 166 ’ 55 | 55.5 | 11.5 | 57 0.306 0.17 | 2.9 
@es? Fee 50 56.5 10.5 | 60 0.503 0.34 5.4 
7 | 167] “ | 80 | 56.5 10.5 | 58.5, 0.402 0.255 4.15 
8 | 167) “ | 120 | 56.5 | 10.5 | 59.5 | 0.417, 0.275) 4.4 
9 | 169 Z.B. | 45 | 56.5) 11.0 | 57 | 0.475) 0.30 | 4.8 
10 | 169; “ | 80 | 56.5 | 11.0 | 63 0.465 0.295 4.2 
ll | 175 r 90 | 56.5 | 10.2 | 64.5 0.462 0.31 | 4.7 95 
12 217 | Z. di. | 75 | 34.2 | 14.0 | 44.5 | 0.43 | 0.35 | 4.0 4.05 100 
40 | 13 206 | Z. B. | 480 64 24.7 | 27 0.365 0.44 7.4 90 
14 | 222 | Z. di. 600 44 15.3 | 26 0.193, 0.173, 4.2 98 
| 15 | 222 | 4Z. di.) 600 | 44 | 15.3 | 23.4 | 0.198, 0.162) 4.5 83 
\ | 16 | 226 Z. di. 480 | 46.6 | 15.1 | 36.7 | 0.175, 0.173) 3.15 | 
J 38 | 17 169 Z. B. 600 58 11.0 | 36.4 | 0.245) 0.143) 3.6 
| 18 | 175 ¢: 480 | 56.5 | 10.2 | 38.5 | 0.27 | 0.167) 4.25 94 
19 | 175 i 1080 | 56.5 | 10.2 | 39 0.43 | 0.25 | 6.3 97 
| 20 | 175 | Ac. 360 56.5 10.2 | 41 0.29 | 0.18 | 4.3 96 
21 | 175) “ 720 56.5 | 10.2 | 42 0.39 | 0.24 ;5.6 (4.8); 90 
30 22 a 600 34 20.2 | 18.3 | 0.264 0.185, 5.0 100 
23 | 217 Z. di. | 780 | 34.2 | 14.1 | 18.6 | 0.17 | 0.11 | 4.2 100 
24 | 227 = 900 | 37.6 | 14.0 | 25.5 | 0.095 0.10 | 2.8 | 92 


(25/227) “ | 900 | 37.6 | 14.0) 22 | 0.13 | 0.15 | 4.9 | 4.2 | 100 


Experiments with the same protocol number were carried out with the same 
enzyme preparation but with different amounts or at different time intervals. 

Ac. = dialyzed extract of acetone powder; Z. B. = preparation of zymohexase B. 
Z. di. = the same, dialyzed to remove the ammonium sulfate. 

* Volume includes 3 to 5 ec. of 40 per cent trichloroacetic acid; this amount is de 
ci ducted in Table II for calculation of the molar concentrations. 

t Only the amount transformable into triose phosphate = 84 to 92 per cent of the 
organic phosphate of the preparation is accounted for. 

t Rotation difference with and without molybdate, measured in a 2 dm. tube 
f or concentrated samples of 4 to 7 cc., corresponding to 80 to 90 per cent of the initial 
volume (sixth column). 

§ The initial hexose diphosphate minus the dihydroxyacetone phosphate formed is 


taken as 100 per cent. 
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from aldolase. In order to have polarimetric readings, after establishment 
of the equilibrium, of as much as —0.15° to —0.20° with molybdate in 2 
dm. tubes, nearly 1 mg. of P of triose phosphate per ec. is required in the 
original solution. To such solutions, buffered with borate at pH 7.6, 
various dilutions of isomerase were added. In Table IV only those ex- 
periments are reproduced in which it was ascertained, by incubation during 


TaB_e II 
Equilibrium ‘ Constants Calculated from Experiments of Table I 


- ' ; 


| Glycer-| Diby- 


rase 





Ex- Hexose 3 
_ — diphosphate pag hyde an = : j Kaldolase, Mean 
ture | ‘No 4 Se Shate | phos- | phos» | & he 

. Initial | Final phate ais phate | a ese i & 
. u X 10-4 ww X 10-9 0 X 10-81 a X 10-4 ae X 10-3 10-3 | 1o-* lo~-* 
60 1 | 10.5 6.3 | 8.4 | 0.945) 8.06 | 10.3 | 23.4 | 4.4 | 

2 | 10.5 | 6.55 | 7.85 | 0.22 | 7.63) 8.7 | 34.2 | 2.55 | 

3 | 6.9/ 3.35 | 7.1 | 0.245 6.85 | 14.0 | 28 | 5.0 

4] a7 | 4.3 | 7.6 | 0.285) 7.31 | 12.4 | 25.7 | 4.8 

5 | 3.34) 1.56 | 3.56 | 0.104 3.45 | 7.55) 32.8 | 2.3 

6 | 3.16 1.25 | 3.82 | 0.202 3.61 | 10.4 17.4. 6.0 

7 | 3.16) 1.305 3.71 | 0.154) 3.55 | 9.6 | 23.0 | 4.18 | 

8 | 3.16 1.285 3.78 0.165 3.58 10.2 | 23.2 4.6 | 

9 | 3.31) 1.40 | 3.82 | 0.163) 3.56 | 9.0 | 21.8 4.15 

10 | 3.31 1.20 | 4.22 0.178 4.04 | 13.2 | 22.8 | 6.0 

11 | 3.06) 1.06 | 4.00 | 0.188, 3.81 | 13.5 | 20.2 6.7 

12 | 7.0 | 3.86 | 6.28 | 0.25 | 6.03 9.4) 24 | 3.9 4.5 (Keoe) 
40 13 | 6.65) 5.06 | 3.18 | 0.235) 2.95 | 1.71) 12.5 | 1.37 | 

14 | 5.87) 4.30 | 3.15 | 0.132, 3.02 | 2.15 23 | 0.93 | 

15 | 5.87) 4.47 | 2.8 | 0.126) 2.67 1.61) 21.5 | 0.75 | 

16 | 5.74 3.66 | 4.17 | 0.131) 4.04 | 3.95) 31 | 1.27 | 
38 17 | 3.31| 2.15 | 2.32 | 0.083 2.24) 2.4 | 27.4 | 0.87 | 

18 | 3.06) 1.88 | 2.37 | 0.103) 2.27 | 2.75) 22.0 | 1.25 

19 3.06 1.80 | 3.08 0.158 2.35 3.08! 15.0 2.05 

20 | 3.06) 1.80 2.53 | 0.109 2.42 | 3.26 22.2 | 1.47 

21 3.06 1.72 | 3.35 0.144 2.43 3.35, 17.0 1.98 | 1.33 (Kas-sor) 

} 

30 22 10.5|8.6 | 3.84 0.192 3.65 1.41) 19.0 | 0.74 

23 | 7.05| 5.73 | 2.63 | 0.11 | 2.52) 1.12, 23 | 0.485 

24 | 6.53) 3.21 | 3.32 | 0.093 3.23 3.20) 34.5 | 0.93 

25 | 6.53 3.53 | 3.0 | 0.147 2.85 | 2.07 19.5 | 1.06 | 0.80 (Kao) 


} 


different intervals or with different dilutions of the enzyme, that the final 
end-point was practically reached. The mean value of twelve such 
experiments, given in Table IV, is 4.3 per cent glyceraldehyde phosphate 
in the total triose phosphate. The measurements could not be made at 
60°, because too much triose phosphate was decomposed during the 
heating time. 
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Equilibria in Presence of Phosphate 


The considerable effort spent in ascertaining the numerical values of the 
aldolase and isomerase equilibria was in large part intended as a preliminary 
for settling the question whether phosphate has any influence on these 
equilibria. 

Negelein and Brémel (8), announcing their discovery of the 1 ,3-diphos- 
phoglyceric acid, write, “If one adds inorganic phosphate to glyceraldehyde- 
3-phosphorie acid (Fischer ester), 1 mole of phosphate is taken up in the 
reversible reaction: phosphate + glyceraldehyde phosphate — diphos- 

Taste III 
Aldolase Equilibrium at 60° 


Possnees r.. Time digheaphate, .. .- Ra aw — | Kaidotase 
— of aldolase initial formed phosphate | moved by I 
sec u X 10% per cent u X 10 per cent lo 
22 B 80 12.9 17.8 4.6 55 4.95 
B, 30 12.9 16.5 4.26 60 4.2 
‘¥ 80 12.9 18.2 4.7 57 5.0 
B dialyzed 80 12.9 17.8 4.6 55 4.95 
23 7 90 13.05 17.5 4.53 O4 4.35 
B, 60 13.05 19.0 4.8 50.5 5.4 
B., 30 13.05 | 15.5 4.0 66 3.6 
= 90 13.05 16.4 4.25 69 4.1 
24 B 30 13.2 16.0 4.23 67 4.05 
B. 30 13.2 16.6 4.40 50 4.4 
34 C, 60 11.85 15.2: 3.62 50 3.3 
Ca 30 11.85 14.0 3.32 56 2.7 
Cea 30 11.85 13.3 3.17 51 2.45 
35 Gs 40 11.85 13.5 3.21 55 2.55 
7 90 11.85 14.4 3.43 50 2.9 
36 Ge 30 11.1 17.6 3.93 58.5 4.2 
= 90 11.1 17.9 4.0 50 4.4 
Mean 4.0 


phoglyceraldehyde.”” This is only a hypothesis for interpreting the 
reversible formation and reduction of diphosphoglyceric acid in the pres- 
ence of the oxidizing enzyme, cozymase, phosphate, and glyceraldehyde 
phosphate. How may such an issue be decided experimentally? We 
must distinguish between two possibilities. The formation could be a mere 
physicochemical equilibrium, as Negelein and Brémel believe, or an 
enzymatic reaction. In the latter case, since only the crystallized enzyme 
of Warburg and Christian is present, this would be at the same time an 
oxidizing and phosphorylating enzyme. In either case the possibility of 





f the 
inary 
these 


»hos- 
ivde- 
1 the 
»yhos- 


jolase 


the 
res- 
yde 
We 
ere 
an 


an 
- of 





O. MEYERHOF AND R. JUNOWICZ-KOCHOLATY 83 


demonstrating such an intermediary would depend on the equilibrium 
concentration; that is, of the value of A ynosphorytation In equilibrium (IV). 
Warburg and Christian published three curves showing the dependence of 
the reduction of cozymase upon phosphate concentration. 33 X 10-° 
mM phosphate had about the maximal effect, while 16 X 10-* M gave 84 
per cent and 0.87 X 10-* m 25 per cent of this value. With Dr. Drabkin, 
we made many more determinations with different concentrations of 
phosphate and triose phosphate. If a simple diphosphoglyceraldehyde 
should exist, the reduction of cozymase must obey the equation 








TABLE IV 
Equilibrium with Purified Isomerase in Absence of Phosphate 
Diluti Tri Polar- | Gicegh | Coen! 
P " lution | T 4 ' riose | Polar- fC ehyde ehy' 
No. | enclne | ature | Time | phosphate | imeter | measured |, phowphate | Dhosohate 
solution | phosphate 
a err °C. am. | aw? | on | tel PF TS ee 
232 | 1:30 37 12 | 0.48 4 0.268 | 0.024 5.0 
1:90 37 12 | 0.48 4 | 0.250 0.021 | 4.4 
1:90 37 21 | 0.49 4 | 0.22 | 0.018 3.7 
244 0 | 1.215 2 | 5.62 | 0.79 65 
1:500 38 | 8 | 1.19 2 | 0.36 | 0.059 4.95 
1:500 38 15 | 1.16 2 | 0.343 | 0.055 4.75 
246 0 | 0.90 2 | 3.87 | 0.472 52.5 
1:40 21 15 | 0.84 2 | 0.167 | 0.027 3.5 
1:40 21 30 0.84 2 0.187 | 0.033 3.9 
1:40 21 60 | 0.64 2 | 0.15 | 0.027 | 4.25 
1:40 31 15 0.74 2 | 0.181 | 0.031 4.2 
247 0 | 0.82 2 3.54 | 0.562 69 
1:60 25 16 0.794 2 | 0.206 | 0.032 4.0 
261 0 | 0.560 2 | 2.24 | 0.408 72.8 
1:2200 | 22 40 | 0.540 | 2 0.131 | 0.0241 4.3 
1:45 22 40 0.57 2 | 0.125 | 0.0234 4.2 
emaeies G2 Gaiee GONSTIOOID. 0 ond. 5 5 «be ran. sin< dn 0b bigs ep ate eens at 4.3 





\diphosphoglyceraldehyde] - cozymase (oxidized) ] 


‘(diphosphoglyceric acid]: [dihydrocozymase] 


Kreduction = 


Since in the isolated system [dihydrocozymase | = [diphosphoglyceric acid }. 
the above equation can be written 
(diphosphoglyceraldehyde] - (cozymase (oxidized)] 


Kreduction = — warns 


|dihydrocozymase]? 


and multiplied by K phosphorylation 
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[glyceraldehyde monophosphate] - [phosphate] - [cozymase (oxidized)] 


ft 
Kreduction = : 
[dihydrocozymase}? 


Actually the value for Kfeduction decreases with increasing concentrations 
of phosphate, while it increases with increasing concentrations of glycer- 
aldehyde phosphate and constant high phosphate concentrations. What- 
ever interpretations are offered for these discrepancies, KA phosphorylation 
could not be greater than approximately 10~, since otherwise the strong 
effect on reduction of cozymase by phosphate concentrations of 10° to 
10-* would be impossible to explain.® 

Let us now assume the first of the above possibilities, that the equilibrium 
of phosphorylation is non-enzymatic. Then with the value of K phosphorylation 
of 10°? the amount of diphosphoglyceraldehyde can be calculated for 
all concentrations of phosphate. For 0.1 mM inorganic phosphate the 
proportion of diphospho ester to monophospho ester would be 10. In the 
presence of zymohexase or isomerase the equilibrium would be imme- 
diately affected. With a value of Kisomerase = 22, triose phosphate would 
be distributed in the presence of 0.1 m phosphate into 67 per cent 
dihydroxyacetone phosphate, 3 per cent glyceraldehyde monophosphate, 
and 30 per cent diphosphate, instead of 96 per cent dihydroxyacetone 
phosphate and 4 per cent glyceraldehyde phosphate in the absence of 
phosphate. By destroying the zymohexase with trichloroacetic acid, 
dilution and oxidation by iodine of the glyceraldehyde monophosphate, 
the diester would dissociate into its components. This would be quite the 
same if the decomposition were not really brought about by removing the 
monoester, but by the chemical instability of the diester in the absence of 
the zymohexase system, by which it would be continuously regenerated. 

The situation would be somewhat different if the presence of the oxidiz- 
ing enzyme with or without cozymase were necessary for the formation 
of the diester. Since phosphate concentrations higher than 6 K 10-2 M 
do not continue to increase the equilibrium concentration of diphospho- 
glyceric acid, this could be true for the phosphate uptake too, and might 
depend on a sensitivity of the enzyme toward the higher concentrations. 
One could expect the formation of the diester in this case only under the 
same conditions in which the formation of dihydrocozymase takes place. 
Moreover, in destroying the enzyme the diester could in principle be pre- 


5 In the presence of 1.5 X 10-*M inorganic phosphate 15 to 20 per cent of the 
maximal reduction of cozymase is obtained; in the presence of 10 XK 10~-* m 50 per 
cent. With Kophosphoryiation = 10~* in the first case less than 12 per cent and in the 
second case about 50 per cent of the total glyceraldehyde phosphate would exist as 
diester. If Kynosphoryiation is assumed to be 5 X 10%, the respective concentrations 
of the diester would be less than 3 and 16 per cent, which would be less compatible 
with the effect on the reduction of cozymase by these concentrations of phosphate. 
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served even in the absence of the monoester, although it is not very likely 
that it would withstand the oxidation by iodine and would decompose in 
any other way than via glyceraldehyde monophosphate. 

Because of this, it is necessary before the possible enzymatic formation 
of the diphosphoglyceraldehyde is studied to check the preparatiof® of the 
different enzymes for their ability to reduce cozymase in dependence on the 
phosphate concentration and at similar temperatures, times, etc., as can 
be used for testing the existence of an equilibrium of phosphorylation. 

Generally the oxidizing enzyme was at first tested for reaction (2) above 
in the presence of arsenate, by the manometric technique. Enzyme dilu- 
tions were used which brought this reaction to completion at 20° in about 
20 minutes with 0.6 to 0.8 mg. of pure cozymase and an excess of glyceralde- 
hyde phosphate. In the same test the absence of aldolase in the oxidizing 
enzyme was established by showing that triose phosphate cannot be re- 
placed by hexose diphosphate. The dilution of zymohexase necessary for 
inducing hexose diphosphate to react with nearly the same speed as triose 
phosphate was also determined in this way. Finally the absence of isom- 
erase in the oxidizing enzyme was tested by the polarimetric molybdate 
method. 

These experiments served as the basis for the incubation of hexose di- 
phosphate in the presence of zymohexase, phosphate, oxidizing enzyme 
with and without cozymase, and for the subsequent determination of glycer- 
aldehyde phosphate by oxidation with iodine. 

When cozymase is present, a small amount of diphosphoglyceric acid is 
formed, equivalent to the amount of dihydrocozymase. This amount is 
determined in the same fraction as the glyceraldehyde phosphate in the 
form of 3-phosphoglyceric acid. However, since the amount of cozymase 
used is lower than the concentration of glyceraldehyde phosphate at equili- 
brium, the diphosphoglyceric acid corresponds only to one-tenth of the 
latter, which is within the error of measurement. With impure prepara- 
tions of enzymes the reaction could proceed further by formation of 
3-phosphoglyceric acid. Such a course is easily detected, by the optical 
rotation in molybdate without oxidation by iodine. Indeed if any phos- 
phoglyceric acid was formed in experiments in the presence of cozymase 
(besides the minute amount of the diester), it was taken as a sign that the 
enzymes were not sufficiently purified and the purification was continued. 

The zymohexase and isomerase equilibria were in no instance changed by 
the presence of inorganic phosphate, either directly or in the presence of the 
oxidizing enzyme alone or with addition of cozymase. The accuracy is slightly 
less than in the absence of phosphate, owing to the cumbersome method 
of isolation of the phosphoglyceric acid. Moreover, the total triose 
phosphate cannot be accurately determined in the presence of high con- 
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centrations of phosphate. Sometimes it was determined by methylglyoxal 
formation after acid hydrolysis (2) instead of by saponification with alkali. 
The results showed that up to 0.1 m phosphate, the amount of total triose 
phosphate was not appreciably altered at equilibrium. In the routine 
experiffents, therefore, one sample was incubated with the same additions 
except inorganic phosphate, and the alkali-labile P found here was as- 
sumed to be present also in the other samples. 

That the first alternative, a non-enzymatic equilibrium of phosphoryla- 
tion, can be excluded was indicated by direct polarimetric readings in 
molybdate after incubation of hexose diphosphate with zymohexase 
in the presence of 0.1 m phosphate. Although this method is not suffi- 
ciently accurate for determining the exact equilibrium concentration of 
glyceraldehyde phosphate, a nearly 10-fold increase, corresponding to 
K phosphorylation = 10~*, would give rotations in the 4 dm. tube of more than 
— 1° for equilibria at 60° and more than —0.5° at 30°. Such rotations were 
completely absent. Instead of this, six such experiments, four at 60°, 
one at 30°, and one at 20°, gave on the average an equilibrium content of 
glyceraldehyde phosphate of about 4 per cent (between 2.4 and 8.1 per 
cent), the same as in the absence of phosphate. 

The more accurate determinations after concentration and barium pre- 
cipitation were, therefore, immediately employed for the study of this 
system in the presence and absence of the oxidizing enzyme and cozymase. 
Since such an enzymatic equilibrium is possibly dependent on temperature 
and since our absorption measurements of dihydrocozymase which served 
for reference had to be made at room temperature, it seemed advisable to 
use relatively low temperatures of incubation. Since the zymohexase 
equilibrium is too unfavorable at 20°, these experiments are done at 30° 
and 40°, while with isolated isomerase temperatures of 22° and 25° can be 
used. Table V contains the data of the most reliable experiments. For 
comparison some data (Experiments la and 8a) are included from experi- 
ments in which the enzymatic incubation was made in the absence of 
phosphate (but phosphate was added after deproteinization) and in which 
the treatment with Mg mixture, etc., was identical with that of the other 
sample under the same number. The conditions of the experiments were 
identical with those of Table I except for the addition of phosphate, oxi- 
dizing enzyme, and cozymase and the removal of the inorganic phosphate 
by magnesia mixture. 0.1 to 0.5 cc. of the stock solution of oxidizing 
enzyme (E of Table V), containing 0.2 to 0.5 mg. of protein, was used in a 
total volume of about 40 ec., and in some experiments 7.5 mg. of cozymase 
of a purity of 0.74 were added. The concentration of the protein was 
somewhat higher than in the absorption measurements. 

The last column of Table V shows that in a few cases losses of the total 
organic phosphate of about 30 per cent occur, but generally they are much 
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less. The loss of phosphoglyceric acid is smaller than the total loss. On 
the other hand, the slight increase over 5 per cent glyceraldehyde phosphate 
in some cases with oxidizing enzyme cannot be regarded as significant, since 
similar variations occur in Table I in the absence of phosphate. 

Some further experiments were made with purified isomerase at 38°, 25°, 
and 22°. Here any kind of pretreatment can be avoided. As is shown in 
Table VI, the glyceraldehyde phosphate content at equilibrium is the same 
as in the absence of phosphate and the oxidizing enzyme. This is still 


TaBLe V 
Per Cent of Glyceraldehyde Phosphate in Presence of Zymohexase, Oxidizing Enzyme, 
and Phosphate 





























| | 

| E Glycer- hyde le 
To | —* | Pro- Hexose |Triose | —Aa| alde- eo en 
pera | ment | ‘geo! Phos |  Enayme* | Time | Yor diphos-| phos |(2 dm.| hyde | phate ra 
| No. phate triose | ic P 

| phos- 
phate 

*C lo? min. | cc. | mg. P i degrees| mg. P LA fond 
60 | 1 | 217} 4.7 1.25/34.2) 14.0 | 44.5)0.362) 0.254) 4.05 | 88 
la | 217 | 0 1.25/34.2| 14.0 | 44.5)0.337| 0.260|(4.15)| 100 
40 | 2 | 206 | 5.0 | 8 (32 | 12.35| 27 (0.123) 0.109) 3.7 | 73 
3 | 2006) 5.0 | E 8 64 | 25.7 | 27 (0.266) 0.406| 6.85 | 66 
| 4 | 222 | 3.6 | “ 10 44 | 15.6 | 26 (0.207) 0.182) 4.4 | 95 
| § | 222; 3.6) +CO |10 |44 | 15.6 | 26 0.270|0.26'6.3 | 8 
6 | 222) 3.6 |) 4E+CO {10 [44 | 15.6 | 26 (0.243/ 0.30 | 7.3 | 100 
90} 7 | 217| 4.7 | 13 [34.2 14.0 | 18.6(0.105) 0.073 2.8 | 86 
8 | 217) 4.7 | E+ CO [13 (68.4) 28.0 | 18.6)0.224) 0.208} 4.0 | 92 
8a | 217 | 0 13 (34.2) 14.0 | 18.610.144| 0.108/(4.1) | 96 
9 | 227| 4.6 | E 15 34.2) 14.0 | 21.9/0.140) 0.152) 4.95 | 75 
10 | 227 | 4.6 |“ + CO [15  /34.2) 14.0 | 25.5(0.134) 0.138) 3.9 | 85 

| | (pH 7.0) | 
11 | 227, 4.6 “ +0CO |15 (34.2) 14.0 | 24.90.144| 0.150} 4.8 | 94 

(pH 8.0) | | | 


i 


*E = oxidizing enzyme; CO = cozymase. 


more conclusive evidence, since any interference with the activity of the 
isomerase by the additions would make the concentration of glyceraldehyde 
phosphate too high but never too low. 

Further negative results were obtained with direct polarimetric measure- 
ments of the glyceraldehyde phosphate in the presence of phosphate and the 
oxidizing enzyme. A diphosphoglyceraldehyde must contain 2 asymmetric 
carbon atoms. If the phosphate uptake into the carbonyl group takes place 
by enzymatic action, the formation of only one of the two stereoisomeric 
forms is to be expected. A great difference in optical rotation should 
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result compared with the glyceraldehyde monophosphate. Glucose-1- 
monophosphate (Cori ester), having such a phosphorylated carbonyl group 
has [a], = +120°, which corresponds to +174° for the molecular weight of 
glucose, while a-glucose has [a], = +105° (25). This phosphorylation 
creates, therefore, a difference of [a], = +69° in the specific rotation 
of glucose. 

In our case no difference was found which exceeded the accuracy of the 
measurements. [a], of d-3-glyceraldehyde phosphate was determined 
some years ago and found to be +20° in slightly acid solution (6). The 
rotation is greatly influenced by the pH. In our present measurements we 
find at pH 5 [a], =+19.5° to +22°, at pH 6 +17°, and at pH 7 +12°. 


Taste VI 
Equilibrium of Isomerase in Presence of Phosphate and Oxidizing Enzyme 


Glyceral- 











Triose —Aa dehyde i er 
os ——- Time |Phosphate Enzyme phosphate! (2 dm. +. phosphate 
perce. | tube) initial | _i” triose 
| solution phosphate 
| °C. min mu X 107 | | mg. P degrees | mg.P | percent 
232a | 38 | 12 | 5.0 | | 0.60 | 0.75 | 0.0243 | 4.0 
38 12 | 5.0 |E 0.60 | 0.16 | 0.027 4.5 
| 3 | 122 o | 0.60 | 0.19 | 0.033 (5.5) 
235 | 38 | 12 | 6.0 | 0.79 | 0.29 | 0.045 5.7* 
| 38 | 12 6.0 E | 0.79 | 0.306 | 0.0465 | 5.9° 
“7 | 2 | 16 | 5.5 | | 0.794 0.22 | 0.0335 | 4.2 
| 25 | 16 4.4 |E | 0.794 | 0.213 | 0.0306 | 3.85 
| 2 | 16 4.4 |“+4CO | 0.794; 0.266| 0.040 | 5.0 
1 | 22 | 40 | 5.9 | | 0.560 | 0.097 | 0.0177 | 3.15 
| 22 40 | 40 |E | 0.560 | 0.103 0.0197 | 3.5 
| 2} oj}o | 0.570 | 0.125 | 0.0234 | (4.2) 





* Equilibrium not quite complete. 

A 0.75 per cent solution (calculated for glyceraldehyde phosphoric acid) 
gives at pH 7 in a 2 dm. tube a = +0.18°, and when dissolved in 0.2 m 
phosphate of pH 7.0, +0.185°. When oxidizing enzyme is added, correc- 
tions must be made for glutathione contained in our enzyme solutions. A 
solution of 0.97 per cent glyceraldehyde phosphate in 0.064 m phosphate 
at pH 6 gives a = +0.33°, corresponding to [a], = +17°, while with ox- 
idizing enzyme the rotation of an exactly equivalent sample after correction 
isa = +0.31°. 


DISCUSSION 


Since no dissociable diphosphoglyceraldehyde could be detected under 
conditions in which cozymase is reduced and diphosphoglyceric acid is 
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formed, we may briefly discuss what possibilities remain for a precursor 
substance. One such possibility would be that the precursor formed en- 
zymatically would be undissociable in the absence of the enzyme, like the 
dimeric diphosphoglyceraldehyde of Baer and Fischer (26). This sub- 
stance itself proved to be biologically inactive ((18) foot-note 1). But it is 
a single racemic body whose biochemical breakdown was improbable from 
the start. A similar substance formed by two d-glyceraldehyde groups 
could perhaps react. But such a possibility may be practically ruled out by 
the following observation. As was found by us and reported in the paper 
of Baer and Fischer, the racemic diphosphoglyceraldehyde is split by 
5 X 10 HC! at 100° in 8 minutes rather completely into monomeric 
glyceraldehyde monophosphate and inorganic phosphate. The same result 
obtains in the presence of phosphate by addition of HC! until pH 1.5 is 
reached. Such a treatment applied to deproteinized isomerase mixtures in 
the state of equilibrium in the presence of phosphate and oxidizing enzyme, 
like those of Table VI, does not increase the amount of glyceraldehyde 
phosphate. 

The opposite explanation, therefore, seems likely: that the product is too 
labile to be detected. To be sure, the instability has been viewed through- 
out this work as the special feature by which the product could be detected 
provided that it decomposes into glyceraldehyde phosphate and phosphate. 
Aside from the rather remote possibility that it breaks down instantaneously 
in another way, one has to visualize the formation of a physical addition 
product so loose that it would behave towards isomerase not as a compound, 
but like free glyceraldehyde phosphate, and not shift the equilibrium at all. 
In this case dihydroxyacetone phosphate would probably form a similar 
addition product. But this latter assumption would not by itself explain 
the experiments with zymohexase in the presence of phosphate, since an 
equal phosphate uptake by both triose phosphates while neutral to isom- 
erase should affect the aldolase equilibrium by increasing the proportion 
of triose phosphate to hexose diphosphate. This does not happen: the 
methylglyoxal split by acid hydrolysis is not increased in the presence of 
phosphate. The total triose phosphate, therefore, and not only the aldose 
part is unchanged. 

Several known facts can be quoted in favor of the idea that only a 
physical addition product is formed, which, nevertheless, makes the car- 
bonyl group more unstable to oxidizing agents. As was shown by Warburg 
and Yabusoe (27) and Wind (28), ketohexoses (fructose, sorbose) and tri- 
oses (dihydroxyacetone and glyceraldehyde) are oxidized in neutral phos- 
phate solutions by the oxygen of the air. This oxidation, which is catalyzed 
by traces of metal, is dependent on the concentration of phosphate or, in the 
same way, of arsenate (29). It is especially rapid with trioses and with 





ee 


i ee he 


eect eres 


I at as Se NRG te 











90 EQUILIBRIA OF ISOMERASE AND ALDOLASE 


triose phosphates (2). The rate of oxidation increases as the pH is shifted 
from 6.5 to 8.5. Exactly the same is true for the oxidation of glyceralde- 
hyde phosphate by cozymase in the presence of phosphate or arsenate. 

Such a conception of an addition product, which does not possess a second 
asymmetric carbon atom in the aldehyde group, but behaves towards oxi- 
dizing agents like a compound, seems to receive further support from the 
recent interesting model studies of Baer (30) on oxidative cleavage of 
a-keto acids by means of lead tetraacetate in the presence of alcohols and 
other substances possessing hydroxyl groups, including phosphoric acid. 
Here the initial formation of a loose physical or chemical addition product 
(perhaps an “association of molecules held together by weak physical 
forces”) between the keto group and the alcoholic group is indispensable 
for the oxidative splitting. In this way acetylphosphoric acid can be 
formed from pyruvic and phosphoric acids (31) as in the biosynthesis of this 
substance, discovered by Lipmann (32). 

If such a concept applies to our system, the chemical combination of 
phosphate with the glyceraldehyde monophosphate would take place only 
as a result of the oxidation of the loose aldehyde phosphate addition 
product. It was assumed in our former publications (14), preceding the 
discovery of the diphosphoglyceric acid of Negelein, that the phosphate 
uptake in this system was brought about by cozymase, which would act 
simultaneously as a phosphorylating and oxidizing coenzyme. The glyec- 
eraldehyde-3-phosphate reacting with cozymase in the presence of phos- 
phate was called the “reaction form of sugar.” | We acknowledge fully the 
great progress achieved by Warburg and his coworkers in isolating the 
oxidizing enzyme and its reaction product, the diphosphoglyceric acid, 
whereby an intermediary step of the ‘coupling reaction” between phos- 
phorylation and oxidation was demonstrated. Nevertheless, their state- 
ment (12), that our ideas had proved to be wrong in view of their alleged 
discovery of a diphosphoglyceraldehyde as the reaction form of sugar in- 
stead of a monophosphoglyceraldehyde, supposed by us, may perhaps turn 
out to be not only unjust but premature. 


SUMMARY 


Methods are described for determining very small amounts of d-3-glye- 
eraldehyde phosphate in the presence of large amounts of dihydroxyace- 
tone phosphate and hexose diphosphate. In this way the equilibrium 
constant of isomerase [dihydroxyacetone phosphate }/ {glyceraldehyde 
phosphate ] is found to be 20 to 25. The same value of 4 to 5 per cent glye- 
eraldehyde phosphate in the total triose phosphate is obtained with 
preparations of zymohexase (aldolase + isomerase) and of purified isom- 


erase. 
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The values for the equilibrium constant of aldolase, 


[Dihydroxyacetone phosphate] - [glyceraldehyde phosphate] 
{[Hexose diphosphate] 





as determined with zymohexase or with purified aldolase, are also in com- 
plete agreement. 

None of the equilibria is influenced by the presence of inorganic phos- 
phate (0.04 to 0.1 M) even if the oxidizing enzyme of Warburg with or with- 
out cozymase is also added. No substance is formed which breaks down 
into glyceraldehyde phosphate and phosphate, as has to be assumed for a 
diphosphoglyceraldehyde. 

The rédle of phosphate in the oxidation of glyceraldehyde phosphate by 
cozymase has to be sought, therefore, in the establishment of a loose phys- 
ical addition product of these components, which would enable the forma- 
tion of diphosphoglyceric acid by oxidation, without being in itself a 
definite chemical compound. 


Acknowledgment is due to Miss Mildred Hurst for valuable help. 
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ON THE COAGULATION OF FIBRINOGEN* 


By ERWIN CHARGAFF anp AARON BENDICH 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 26, 1943) 


The nature of the chemical reactions that, in the presence of thrombin, 
lead to the formation of fibrin, the insoluble coagulation product of fibrino- 
gen, is largely unknown. Because of the lack of reliable comparative 
analyses of the composition of pure fibrinogen and fibrin and of the amino 
acid distribution in these proteins, it is not even possible to decide whether 
the products obtained from fibrinogen by heat coagulation and by the 
action of thrombin are different. To speak, as is sometimes done, of throm- 
bin as a “denaturase”’ (1, 2) is, at the present state of our knowledge, an 
addition to our terminology rather than to the understanding of the reac- 
tions involved. 

Papain has been shown to coagulate fibrinogen directly (3), but this in 
itself is not sufficient indication of the proteolytic nature of the physiolog- 
ical coagulation phenomenon. It is, however, conceivable that with cer- 
tain enzymes the formation of fibrin represents the first step in the pro- 
teolytic degradation of fibrinogen and that this initial phase is particularly 
protracted with thrombin as clotting agent. The literature contains re- 
ports on the fibrinolytic action of thrombin (4, 5), and experiments on the 
formation and lysis of fibrin by staphylococci may also be cited (6). For 
the time being, it would appear advisable to limit the definition of the 
action of thrombin to the statement that it brings about changes in the 
structure of fibrinogen that lead to the formation of the insoluble protein 
fibrin,’ and to defer speculation on the nature of these changes to a time 
when more experimental data are available. 

It has recently been found and briefly reported from this laboratory (7) 
that ninhydrin (1,2,3-indantrione hydrate) (I) coagulated fibrinogen and 
formed clots which in some respects closely resembled fibrin. Alloxan 
(II) and salicylaldehyde were likewise, although much less markedly, ac- 
tive. This observation led to a search for other synthetic agents having a 


* This work has been supported by a grant from the John and Mary R. Markle 
Foundation. This is Paper XVI of a series of studies on the chemistry of blood 
coagulation. 

‘ It will avoid misunderstandings if the term fibrin is reserved for the coagulation 
product obtained with thrombin. Insoluble products formed from fibrinogen with 
other clotting agents will be referred to as coagulated fibrinogen. 
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similar action. The sodium salt of / ,2-naphthoquinone-4-sulfonic acid 
(III) and the potassium salt of / ,4-naphthoquinone-2-sulfonic acid (IV) 
have been found to produce firm clots from solutions of purified fibrinogen 
at 30° and pH 7. Chloramine-T (sodium p-toluenesulfonchloroamide) 
(V), while acting even more rapidly under similar conditions, forms a 
loose coagulum. 
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Neither the thromboplastic factor nor calcium was required in this reac- 
tion which proceeded with fibrinogen preparations free of prothrombin. 
The clotting times observed depended on the concentrations of both the 
fibrinogen and the clotting agent. In fibrinogen solutions of the strength 
used in the present investigation, the clotting agents, with the exception of 
chloramine-T, produced firm coherent clots. The retraction of the clots 
appeared to proceed at a faster rate than with fibrin produced by thrombin: 
a solid opaque core of protein began to form underneath the transparent 
gel a short time after the coagulation by the clotting agent in high con- 
centration. 

In a number of experiments, the recovery of nitrogen in the coagulation 
products was studied (Tables III and IV). With ninhydrin and the 
a- and 8-naphthoquinone sulfonates, the amounts of fibrinogen N recovered 
in the clots were of the same order of magnitude as found in the correspond- 
ing fibrin samples. Alloxan, and perhaps also chloramine-T, appeared to 
attack the protein more energetically. The low sulfur content of the co- 
agulation product obtained with alloxan (Table III, Experiment 4) may be 
significant. Compound formation between ninhydrin and _ fibrinogen 
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seemed to have occurred to only a slight extent, if at all. The somewhat 
higher sulfur contents of the fibrinogen samples clotted by the naphtho- 
quinone sulfonates may indicate the presence of these agents in the clots. 
It is, however, so difficult to wash these coagulation products satisfactorily 
that mechanical adsorption cannot be excluded. It would undoubtedly 
be of interest to study the x-ray diffraction patterns of the coagulation prod- 
ucts of fibrinogen. 

The clotting activity of the ketones and quinones mentioned in the pre- 
ceding paragraphs made it appear of interest to study a number of biologi- 
cally occurring compounds that could, under physiological conditions, con- 
ceivably give rise to active substances. One of the systems studied was 
mesoinositol and the series of oxidation products derived from it; viz., 
tetrahydroxyquinone (VI), rhodizonic acid (VII), croconie acid (VIII), 
leuconic acid (IX). None of these compounds, however, exhibited any 
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clotting activity. Solutions containing /-ascorbic acid oxidized with iodine 
(8-10) or by the catalytic action of the ascorbic oxidase from squash (11) 
likewise had no effect on fibrinogen. 

Another biological system studied, which could be considered most 
immediately related to the subject of this communication, was that of com- 
pounds belonging to the vitamin K group, of which 2-methyl-1 ,4-naphtho- 
quinone is the most active representative (compare (12-14)). The ex- 
amination of the possible direct réle in clotting of compounds displaying 
vitamin K activity is, unfortunately, difficult. The quinones having vita- 
min K activity are not sufficiently soluble in water for clotting tests and 
all known water-soluble vitamin K analogues are derivatives of either the 
related hydroquinone or of naphthalene. Two water-soluble derivatives 
of 2-methyl-1 ,4-naphthoquinone were examined; viz., the potassium salts 
of 2-methyl-1 ,4-naphthoquinone-3-sulfonic acid (X) (15) and the new com- 
pound’ 2-methyl-1 ,4-naphthoquinone-8-sulfonic acid (XI). The anti- 
hemorrhagic activity of compound (X) is only slight ((15), compare also 
(16)) and that of compound (XI) has not yet been established, but it is 


? The position of the hydroxyls in compounds (VII) and (VIII) is not quite certain. 
* Chargaff, E., and Bendich, A., unpublished results. 
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known that the introduction of a methyl group into position 8, as in 2,8- 
dimethyl-1 ,4-naphthoquinone (17), destroys the antihemorrhagic activity 
almost completely (13). Compound (X) proved inactive as a clotting 
agent. As this was possibly due to the absence of a free 3 position, com- 
pound (XI) was prepared, but it, too, failed to coagulate fibrinogen. 

It thus cannot be proposed at present that vitamin K, or a compound 
to which it gives rise in the body, is directly involved in the coagulation of 
fibrinogen; e.g., as a prosthetic group in the prothrombin or thrombin 
molecule. The contrary may, in fact, be true; viz., that quinones display- 
ing vitamin K activity are structurally protected from entering into reac- 
tions with the body proteins (of which the clotting of fibrinogen may be 
only one instance) that would prevent them from reaching the liver. A 
similar suggestion was first put forward by Fieser and collaborators ((13) 
p. 668). 

A list of other carbonyl compounds which were tested for fibrinogen 
clotting and found inactive will be given in the experimental part. It is, 
perhaps, noteworthy that the triketone 2,3 , 4-triketopentane, which may be 
considered the simplest aliphatic analogue of ninhydrin, failed to coagu- 
late fibrinogen. 

The discussion of the possible mechanism of action of the synthetic 
clotting agents on fibrinogen will best start from the fact that most of the 
compounds found to be active are able to oxidize amino acids and peptides 
containing free amino groups. This effect has been shown for chlor- 
amine-T (18), 1,2-naphthoquinone-4-sulfonic acid (19), ninhydrin (20, 
21), and alloxan (22). For purposes of comparison the action on alanine 
of some of the clotting agents and also of several carbonyl compounds 
devoid of coagulant activity was studied. It will be seen from the data 
presented in this paper that, with one significant exception, the ability of 
the compounds to decarboxylate the amino acid paralleled their activity 
in the coagulation of fibrinogen. Generally, substances that failed to 
liberate CO, from alanine were inactive in clotting, with the exception of 
1 ,4-naphthoquinone-2-sulfonic acid which, although an active clotting 
agent, did not decarboxylate alanine. 

The very pronounced reactivity of 1 ,2-naphthoquinone and its 4-sulfonic 
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acid is well known and has been particularly stressed in the procedures 
developed by Ehrlich and Herter (23) and by Folin (24). Amines are 
added in position 4 (25, 26), in the case of the 4-sulfonate with the simul- 
taneous liberation of bisulfite (27). It is, however, not quite clear whether 
the mechanism of the reaction with amino acids and, in particular, of the 
concomitant liberation of COs, is similar to that formulated for ninhydrin 
(20, 21). Compare also the observations on the reaction between proteins 
and ninhydrin (28) and 1,2-naphthoquinone-4-sulfonie acid (29). 1,4- 
Naphthoquinone is known to condense in position 2 with p-aminobenzoic 
acid (30) and other amines (31, 32). In the absence of direct information 
on the reaction of a-naphthoquinone with amino acids an analogy may be 
cited ; viz., the behavior of p-quinone towards glycine esters, studied by Fi- 
scher and Schrader (33), where addition in positions 2 and 5 of the quinone 
was observed. The reactions between 1,4-naphthoquinone-2-sulfonic 
acid and amines have not been sufficiently investigated (34). 

There would appear to be several possible mechanisms of the clotting 
of fibrinogen by the synthetic agents; e.g., (1) oxidation of aminoacyl 
groups present in the protein, (2) oxidation of other susceptible groupings, 
such as sulfhydryl (35), (3) combination of the clotting agents with the 
protein, perhaps through the phenolic group of tyrosine, as in the complex 
compounds between 1 ,4-naphthoquinone and various phenols (36). The 
systems considered in this study are too complicated to permit a con- 
sideration of the possible réle of semiquinones (37) in the coagulation of 
fibrinogen by quinones. 

Mechanism (1) agrees best with the experimental analogies reviewed be- 
fore. If the oxidation proceeded by way of an amino acid to a keto acid, 
the breakdown of the latter to give CO, could in certain circumstances be 
expected. The conditions, however, under which clotting experiments 
have to be performed (low temperature, short duration of the experiment) 
are not such as would favor the decarboxylation of a keto acid. Experi- 
ments in which large amounts of fibrinogen were rapidly clotted by ninhy- 
drin failed to reveal, by a sensitive micro conductometric method, the 
liberation of COs. 

Reducing substances, as sodium bisulfite and glutathione, were found 
to inhibit the action of the clotting agents. The effect of glutathione on 
1,2-naphthoquinone-4-sulfonic acid was not very marked. Sodium 
arsenite and sodium isoascorbate were ineffective as inhibitors. 

When the conception of the clotting of fibrinogen as an oxidative process 
is extended to the formation of fibrin by thrombin, it will be understood 
why the chemical differences between fibrinogen and fibrin are, at least 
from what little we know about the composition of these proteins, so small. 
The removal from the large molecule of a few polar groups or the blocking 
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of these groups would not produce a noticeable change in the analytical 
figures. But a reaction of this type (whether it is to be called proteolytic 
is a matter of definition) might be sufficient to bring about a conspicuous 
and irreversible change in the solubility of a large molecule. 

Attempts were made to analyze the composition of the atmosphere above 
a clotting mixture both before and after the addition of thrombin to fibrino- 
gen. Thanks to the collaboration of Dr. D. Rittenberg, the CO, concen- 
trations were measured in the mass spectrometer. In several experiments 
with large amounts of purified fibrinogen, indications of the liberation dur- 
ing clotting of very small amounts of CO, were obtained, but the results 
were not always reproducible. It may be mentioned that in these experi- 
ments rapid coagulation of fibrinogen by thrombin was observed in an at- 
mosphere of water vapor at a nitrogen pressure of 10-* mm. of Hg. The 
nitrogen contained less than 0.1 per cent of oxygen. This obviously indi- 
cates that the action of thrombin requires no atmospheric oxygen. 

Experiments on the effect of various reducing agents on the coagulation 
of freshly prepared fibrinogen by thrombin demonstrated the inhibiting 
action of sodium bisulfite, which is in line with similar results obtained with 
the synthetic clotting agents. Other reducing substances were without 
effect. It will be remembered that under different experimental conditions 
cysteine (38), which was not used in the present study, and glutathione 
(39) have been found inhibiting. It should be borne in mind that it is at 
present not possible to decide whether the reducing agent acts on the throm- 
bin or on the fibrinogen, but by analogy to the behavior of the synthetic 
clotting agents, the first assumption appears preferable. 

We hope to continue these studies with an investigation of the behavior 
of other oxidizing agents and other quinones and of additional biological 
systems; e.g., the flavins and the oxidation products of adrenalin. 


EXPERIMENTAL 
Fibrinogen 


Preparation—Most experiments were carried out with fibrinogen prepa- 
rations that were freshly obtained from human or horse plasma.‘ In a 
typical experiment, 25 gm. of washed Cas3(PO,)2 were added to 600 ce. of 
citrated horse plasma, in order to remove prothrombin (40). The mixture 
was centrifuged 10 minutes later in an angle centrifuge at 4700 R.P.M. 
The precipitate produced by the addition to the supernatant of 900 ce. of 
saturated sodium chloride solution was removed by centrifugation, dis- 


‘ We should like to express our appreciation for the courtesy of Dr. W. G. Malcolm, 
the Lederle Laboratories, Inc., Pearl River, New York, who supplied large amounts 
of horse plasma. We are also indebted for some horse plasma to E. R. Squibb and 
Sons, New Brunswick, New Jersey. 
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solved in 160 ec. of 0.14 M NaCl solution, and reprecipitated by the addition 
of 200 cc. of saturated NaCl solution. After one or two additional precipi- 
tations from its solution in 100 ec. of 0.14 m NaCl by means of an equal 
volume of saturated NaCl solution, the protein was dissolved in 0.14 m 
NaCl and the centrifuged solution used in the experiments. All operations 
were carried out at a low temperature with ice-cold fluids containing a 
trace of potassium oxalate. The fibrinogen solutions usually employed 
had a concentration of between 0.4 and 0.7 per cent. All experiments 
were performed within a few days after the preparation of the protein, 
during which period the solution was stored in the frozen state at — 40°. 

Coagulation—Unless otherwise indicated, the clotting experiments were 
carried out at pH 6.8 to 7.0 in a water thermostat kept at 30.5°, with small 
Pyrex tubes (10 X 75 mm.) which contained 0.2 ec. of the fibrinogen and 
0.03 ec. of the test or control solutions. 


Clotting Effect of Ninhydrin 


It was shown in a previous communication from this laboratory (7) that 
ninhydrin (1,2,3-indantrione hydrate) produced clots when added to a 
solution of fibrinogen. Eastman Kodak preparations of ninhydrin were 
used in all experiments. This reaction did not require prothrombin, cal- 
cium, or the thromboplastic factor. In the formation of fibrinogen clots 
by ninhydrin (ef. (7)), a slight blue tint appeared when the clotted mix- 
ture was heated or stored for more than 2 hours. 

The clotting time depended on the concentrations of both the fibrinogen 
and the ninhydrin, as shown in Table I. If the fibrinogen concentration 
was kept constant, smooth curves were obtained by plotting the clotting 
time against ninhydrin concentration. These curves were fairly well 
reproducible for different fibrinogen preparations. It was, consequently, 
possible by extrapolation to estimate the fibrinogen concentration of a 
solution by determining the time required for its coagulation by a known 
amount of ninhydrin. 


Clotting Effect of Quinones 
Preparation of Material—The potassium salt of 1 ,4-naphthoquinone-2- 
sulfonic acid was prepared from 1,4-naphthoquinone according to’ the 
method of Fieser and Fieser (41). 
CioH;O,SK (276.3). Calculated, 8 11.60, K 14.16; found, S 11.40, K 14.00 
The sodium salt of 1 ,2-naphthoquinone-4-sulfonic acid was an Eastman 
Kodak preparation, purified by recrystallization. 


’ The results obtained with too dilute fibrinogen solutions are erratic and unre- 
liable. In all experiments reported here the amounts of fibrinogen N used, a more 
exact measure than the percentage of fibrinogen, are indicated. 
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The potassium salt of 2-methyl-1 ,4-naphthoquinone-3-sulfonic acid was 
prepared from 2-methyl-1 ,4-naphthoquinone® according to Moore (15). 


Cy H,0,8K (290.3). Calculated, § 11.05, K 13.48; found, 8 11.25, K 13.49 
The synthesis of the potassium salt of 2-methyl-1 ,4-naphthoquinone-8- 
sulfonic acid will be reported in a separate publication. This new com- 
pound was obtained by the oxidation of 2-methylnaphthalene-8-sulfona- 
mide to 2-methyl-1 ,4-naphthoquinone-8-sulfonamide. 
Clotting Action—The coagulation of human fibrinogen by potassium 
1 ,4-naphthoquinone-2-sulfonate and the influence of the relative concen- 


TaBLe I 
Coagulation of Fibrinogen by Ninhydrin and Potassium 1 ,4-Naphthoquinone-2- 
sulfonate 
Columns a represent clotting by ninhydrin (1 micromole = 178.1 y); Columns , 
clotting by potassium a-naphthoquinone sulfonate (1 micromole = 267.3 y). Each 
tube contained 0.2 cc. of the solution of human fibrinogen and 0.03 cc. of the solution 
of the clotting agent. The experiments were carried out at 30.5° and pH 6.8. 





Clotting agent in experiment, micromoles 








Fibrinogen | - a ——— — —— 
N in 3.5 1.75 0.88 0.44 = 
experiment a ea a ae a P | os = 
| « | 6 a Ses ee a db | 
7 | min. | min min. min. | min. min. min. | min | min. 
620 | 5 | 3 9 4 7 | 5 | 3% 9 | >240 

310 | | 14 6 
155 | 18 8 
78 | |} a | 13 | | 





trations of the two reactants on the coagulation time are demonstrated in 
Table I. 

The clotting effect of sodium 1 ,2-naphthoquinone-4-sulfonate is shown 
in Table II, with horse fibrinogen as substrate. The coagulation of the 
same protein by the 1 ,4-naphthoquinone-2-sulfonate is likewise included. 
In general, the most rapid firm coagulation of fibrinogen was observed with 
the 1 ,4-naphthoquinone sulfonate, followed in this order, by the 1 ,2-naph- 
thoquinone sulfonate and ninhydrin. 

The potassium salts of 2-methyl-1 ,4-naphthoquinone-3-sulfonic acid and 
of 2-methyl-1 ,4-naphthoquinone-8-sulfonic acid exhibited no clotting ac- 
tivity. 

® We wish to thank Dr. John Lee of Hoffmann-La Roche, Inc., Nutley, New Jersey, 
for the starting material. 
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Additional Clotting Agents 


Only a few of the numerous compounds tested were found to coagulate 
fibrinogen. They were chloramine-T (sodium p-toluenesulfonchloro- 
amide), alloran, and salicylaldehyde. Chloramine-T produced more rapid 
clotting than any other synthetic agent, but the resulting coagulum was 
extremely soft and loose. The following coagulation experiment was car- 
ried out at pH 7 with a preparation of human fibrinogen (650 y of fibrino- 
gen N in 0.2 ec.) and solutions of neutralized chloramine-T. 

















Chloramine-T in experiment, micromoles...... 5 | 2.5 | 1.25 0.63 0 
Clotting time, min................ | <1 | 1 | 4 7 | >120 
TABLE II 


Coagulation of Fibrinogen by Quinones 
Each tube contained 0.2 cc. of the solution of horse fibrinogen, corresponding to 
125 y of fibrinogen N, and 0.03 cc. of the solution of the clotting agent. The experi- 
ments were carried out at 30.5° and pH 6.8. 





Clotting agent in experiment, micromoles 




















35 | 1.75 | 088 | 0.44 0.22 0 
min. min. min. min. min. min. 
Potassium 1 ,4-naphthoquinone-2-sulfo-| 
nate (1 micromole = 267.3 y)....... «6 8 | 10 | 25 | >120 | >120 
Sodium 1,2-naphthoquinone-4-sulfo- | 
nate (1 micromole = 260.2 y)........| ll 15 25 47 | >i20 | >120 





The effects of the two other agents mentioned were extremely weak. 
Alloxan coagulated 0.2 cc. of an 0.8 per cent solution of human fibrinogen 
in 28 minutes in a concentration of 10 micromoles and in 60 minutes in a 
concentration of 5 micromoles. The addition of 0.03 cc. of a saturated 
solution of salicylaldehyde in physiological saline to 0.2 ce. of the same 
fibrinogen preparation produced clotting in 40 minutes. 


Analysis of Coagulated Fibrinogen Samples 


In one series of experiments, the nitrogen distribution following coagula- 
tion and the composition of the clotted fibrinogen samples resulting from 
the coagulation of purified horse fibrinogen by thrombin, ninhydrin, and 
alloxan were followed quantitatively. The thrombin preparation used 
was obtained from human plasma by the method of Eagle (42). The 
fibrinogen solutions and the solutions of the clotting agents (in physio- 
logical saline) were adjusted to neutrality. Following the addition of the 
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clotting agents, the mixtures were kept at room temperature for } hour and 
subsequently stored in the refrigerator for 48 hours. They were then cen- 
trifuged, and the precipitates washed with four 10 cc. portions of ice-cold 
water and dried in vacuo over P,Os;. The united supernatants and wash- 
ings were adjusted to an exact volume of 100 cc. and aliquots analyzed for 
nitrogen. In the experiment with thrombin, allowance was made for the 
amount of nitrogen introduced as thrombin. The dried samples of coagu- 
lated protein were, for analysis, allowed to equilibrate with air and their 
moisture and ash contents determined in separate analyses, in order to 
arrive at the corrected analytical figures reproduced in Table III. The 
coagulation product obtained by ninhydrin was steel-blue before and 
slightly yellow after washing. 

In another set of experiments the coagulation of human fibrinogen by 
beef thrombin,’ ninhydrin, 1 ,4-naphthoquinone-2-sulfonate, 1 ,2-naphtho- 


Tasie III 
Quantitative Analysis of Coagulated Horse Fibrinogen Preparations 


Analyses of 


Experi- Volume of | Fibrin- mney N in coagulated 
ay Clotting agent | reaction | ogen N . oagulum es super- fibrinogen 

No. mixture | used SOCSveEe natant mae 
yw ih 

: i — 4 iad per cout.  |oon 
ce. me. me. ines mg. = finn! 

1 Thrombin 20.5 | 18.3 | 16.0 | 87.4 2.9 | 15.4 | 0.98 

2 Ninhydrin, 54 mg. 22 21.6 18.6) 86.1 3.0 14.6 | 1.07 

3 = 7 eh 35 22.8 | 19.1 83.8 3.4 15.0 | 1.02 
4 0.56 


Alloxan, 3.9 °* 30 22.8 8.2 36.0 13.1 


quinone-4-sulfonate, and chloramine-T was examined. The clotting agent, 
dissolved in 2 cc. of M/15 phosphate buffer of pH 6.83, was added with con- 
stant stirring to 10 cc. of the buffered fibrinogen solution. After 2 hours 
at 26° the clots were broken up, centrifuged off, and washed twice with 3 
ec. portions of physiological saline and three times with the same amounts 
of distilled water. The analytical procedure was similar to that described 
in the preceding paragraph. The results, corrected as above, are sum- 
marized in Table IV. It may be mentioned that in this experiment the 
clots, with the exception of the white fibrin produced by thrombin, ex- 
hibited the following colors in both the wet and the dry states: violet 
with ninhydrin and 8-naphthoquinone sulfonate, deep orange-red with 
a-naphthoquinone sulfonate, light pink with chloramine-T. 


7 We are highly indebted for this preparation to Dr. D. W. MacCorquodale of the 
Abbott Laboratories, North Chicago, Lllinois. 
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Influence of Reducing Substances on Fibrinogen Coagulation 


The effect of reducing substances on the coagulation of fibrinogen by 
synthetic clotting agents and by thrombin was investigated with sodium 
bisulfite (NaHSOs), glutathione, sodium arsenite (NaAsO,), and sodium 
d-araboascorbate.’ The action of these compounds on the clotting of 


TABLE IV 


Quantitative Analysis of Coagulated Human Fibrinogen Preparations 


Analyses of coagu- 


Experi- Coagulum N re- Nin | i 
ney Clotting agent covered (30.3 ia. | — lated fibrinogen 
No. fibrinogen N used) | natant C- ) te 2 
i — | — —— 
per cent of | } | 
mg. | mg. | fibrinogen' mg. | percent | per cent 
| | Ntdsed | | | 
1 | Thrombin 4.0 | 28.0; 92.4 | 2.3-); 17.6 | 1.12 
2 | Ninhydrin 15.0 26.9 88.8 2.4 | 16.1 | 1.21 
3 Potassium 1,4-naphthoqui- 23.2 | 26.1 86.1 3.5 16.3 1.69 


none-2-sulfonate 

4 Sodium 1,2-naphthoquinone- | 22.0 | 27.3, 90.1 1.9 16.3) 1.41 
4-sulfonate 

5 Chloramine-T 23.8 | 20.6 68.0 8.7 16.7 1.34 


TABLE V 

Effect of Sodium Bisulfite on Coagulation of Human Fibrinogen by Quinones 
Each tube contained 0.03 ec. of the solution of the clotting agent and 0.03 cc. of 
the NaHSO; solution dissolved in m/15 phosphate buffer of pH 6.8. 2 minutes later 
0.2 ec. of a neutral solution of human fibrinogen (corresponding to 0.10 mg. of fibrin- 
ogen N) was added. The experiments were carried out at 30.5°. 


Clotting agent in experiment, micromoles 








Sodium bisulfite | Potassium 1,4-naphthoquinone-2- Sodium 1,2-naphthoquinone-4- | Control 
in experiment sulfonate sulfonate | 
3.5 ae 3.5 tas 
micromoles min. min. | min. min. min. 
3.5 20 60 >90 >9 | >90 


0 5 s il a Oa 


fibrinogen (from human and horse plasma) by organic clotting agents is 
shown in Tables V and VI. It will be seen that sodium bisulfite and gluta- 
thione markedly inhibited the action of the synthetic clotting agents. In 
order to establish whether the inhibiting action of glutathione was due to 


* We should like to thank Dr. H. M. Wuest of Hoffmann-La Roche, Inc., Nutley, 
New Jersey, for this compound. 
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its reducing properties or to its free —CH(NH,)-COOH group by means 
of which it could react with the clotting agents, parallel experiments were 
carried out in which alanine was substituted for glutathione. No clotting 
inhibition was observed. The substitution of sodium sulfate for sodium 
bisulfite likewise proved ineffective. 


TaBie VI 
Effect of Reducing Substances on Coagulation of Horse Fibrinogen by Synthetic 
Clotting Agents 
Each tube contained 0.1 ec. of the solution of the clotting agent and 0.1 cc. of that 
of the reducing agent dissolved in m/15 phosphate buffer of pH 6.9. 2 minutes later 
0.2 cc. of horse fibrinogen solution (corresponding to 0.2 mg. of fibrinogen N) was 
added. The experiments were carried out at 30.5°. 





Clotting agent (12 micromoles in experiment) 


Reducing substance in experiment -* Saeco . 7 Sodium 1,2- 
Ninhydrin | naphthoquinone- naphthoquinone- 
| | 2-sulfonate 4-sulfonate 
| micromoles | min. min. min. 
Glutathione | 12 | 40 >80 8 
ed 28 17 6 
Sodium arsenite | 9 5 
| 6 | 9 5 
“«  d-araboascorbate| 12 Il 5 
me 11 5 
| 5 4 


Control 9 


Tasie VII 
Effect of Sodium Bisulfite on Coagulation of Horse Fibrinogen by Thrombin 


Each tube contained 0.05 mg. of beef thrombin dissolved in 0.1 ec. of m/15 phos- 
phate buffer of pH 6.8 and 0.1 ec. of the NaHSO; solution in the same buffer. 2 
minutes later 0.2 cc. of the neutral fibrinogen solution (corresponding to 0.37 mg. of 
fibrinogen N) was added. The experiments were carried out at 30.5°. 


Sodium bisulfite in experiment, micromoles 


12 | 6 | 3 1.5 0 
Clotting time, min. 58 8 4 2 l 


The effect of the reducing agents mentioned above on the coagulation of 
horse fibrinogen by beef thrombin (obtained from the Abbott Laboratories) 
was likewise examined. In these experiments only sodium bisulfite proved 
effective (Table VII).° With a dilute solution of human fibrinogen (0.10 


* The somewhat different behavior of dry fibrinogen preparations will be discussed 
at a later date. 
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mg. of fibrinogen N in the experiment) the following clotting times were 
observed at room temperature (27°), when constant amounts of thrombin 
and decreasing amounts of NaHSO; were employed: with 13.5 micromoles 
of NaHSOs, more than 20 minutes; with 1.35 micromoles, 182 seconds; with 
0.135 micromole, 124 seconds; in absence of NaHSOs, 107 seconds. 


Examination of Atmosphere above Clotting Mixture in Mass Spectrometer 


It appeared of interest to investigate the possibility of demonstrating the 
liberation of very small amounts of carbon dioxide during the coagulation 
of fibrinogen by thrombin. Thanks to the generous collaboration of Dr. 
D. Rittenberg, a number of experiments could be carried out in which the 
CO, concentration in the atmosphere above a fibrinogen solution both 
before and after the addition of thrombin was determined by means of the 
mass spectrometer (43). 

The fibrinogen solutions used were freshly prepared from horse plasma 
and contained a total of between 15 and 40 mg. of fibrinogen N in a volume 
of 30 ec. of physiological saline. The thrombin solutions contained 10 to 
20 mg. of beef thrombin (obtained from the Abbott Laboratories) in a vol- 
ume of 5 cc. of saline. The fibrinogen solution was adjusted to pH 5.8, the 
thrombin solution to pH 5.9. Nitrogen, free of CO., was passed through 
both solutions for about 10 minutes, following which they were carefully 
degassed by evacuation with a Hyvac pump. C0O,-free air was admitted 
and the pH of the solutions again determined and, when necessary, re- 
adjusted to the values given above. 

The fibrinogen solution, in a 250 cc. flask carrying by means of a side arm 
a smaller bulb containing the thrombin solution, was then connected with 
the mass spectrometer line, and the system repeatedly flushed with nitro- 
gen and evacuated, until the detectable amount of mass 44 (CO,) was mini- 
mal. At this point the thrombin solution was tipped in, whereupon 
clotting invariably took place in a very short time. (In a few experiments 
this operation was preceded by the addition of heat-inactivated thrombin 
from a second side bulb.) It is noteworthy that under the conditions of 
the experiments rapid coagulation of fibrinogen was observed in a nitrogen 
atmosphere (containing less than 0.1 per cent of oxygen) at a permanent 
gas pressure of about 10-* mm. of Hg.; 7.e., with a partial oxygen pressure 
of about 10-7 mm. of Hg. At each step and also at various intervals after 
clotting, samples of the atmosphere above the clotting mixture were re- 
moved in which the ratio of mass 44 to mass 29 (NN) was determined. 
In several experiments indications of the liberation during clotting of small 
amounts of CO, were obtained, but the results were not sufficiently re- 
producible to warrant their detailed presentation at this point. It may 
be mentioned that the pH of the clotted mixtures, determined at the con- 
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clusion of the experiments, was always found to have remained almost 
unchanged. 

Attempts were also made to detect the liberation of CO, during clotting 
by means of the very sensitive micro conductometric arrangement de- 
scribed by Witte (44). With the circulating absorption conductivity cell 
used in these experiments it was possible to determine as little as 5 micro- 
moles of CO, (220 y) with satisfactory accuracy. With fibrinogen solu- 
tions, similar to the preparations described at the beginning of this section, 
no liberation of CO, could be demonstrated when thrombin or ninhydrin 
was used as clotting agent. In these experiments, too, we were aided by 
the collaboration and the advice of Dr. D. Rittenberg. 


Clotting Agents and Amino Acid Oxidation 


The ability of the various clotting agents and also of some of the inactive 
carbonyl compounds to liberate CO, from amino acids was studied with 
di-alanine as substrate. With carbonyl compounds that were not volatile 
with water vapor, the microtitration procedure of Van Slyke and collab- 
orators (45) was employed; the other substances were examined according 
to the manometric micromethod of Van Slyke et al. (19) in the Van Slyke- 
Neill apparatus. In the latter procedure, especially when extended reac- 
tion times were desired, small glass tubes with ground-in glass stoppers 
were found valuable for the reaction between the carbonyl compound and 
the amino acid. The experimental results are presented in Table VIII. 
The values are corrected for the amounts of CO, spontaneously given off 
by the compounds examined. 


Inactive Compounds 


Carbonyl Compounds—Various carbonyl compounds were tested for 
their action on fibrinogen and found inactive in the concentrations em- 
ployed in this study. Among them may be mentioned formaldehyde, 
acetone, pyruvic acid, diacetyl, dihydroxytartaric acid, 2-ketoglutaric 
acid, 2,3 ,4-triketopentane, and phloroglucinol. 

2,3,4-Triketopentane was synthesized from p-nitrosodimethylaniline 
and acetylacetone according to Sachs and Réhmer (46). The yellow oil 
(b.p. 56-58° under 13 mm. of Hg) was characterized by its disemicarba- 
zone, white crystals from acetic acid melting at 223° (46), and its dianil 
(47), erystals from ethyl alcohol melting at 155°. 

Inositol and Its Oxidation Products—The entire series of products result- 
ing from the oxidation of mesoinositol was examined for its action on fibrin- 
ogen. The compounds prepared and tested were (1) tetrahydroxyquinone, 
(2) rhodizonic acid, (3) croconic acid, (4) leuconic acid. 

Dipotassium tetrahydroryquinone and dipotassium rhodizonate were pre- 
pared from inositol according to the method of Preisler and Berger (48). 
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Croconic acid was prepared from rhodizonic acid (49). It is difficult to 
obtain this interesting compound in a satisfactory yield. The following 
method was found to give the best results. The oxidation of 20 gm. of 
inositol with concentrated nitric acid, followed by aeration for 19 hours of 
the oxidation product in potassium acetate solution (48), vielded 9.7 gm. 
of the beautiful purple prisms of dipotassium rhodizonate. The crystals 
were suspended in 150 ec. of water, 20 ec. of 2 N KOH were added, and the 
mixture was heated to boiling for 18 minutes. With small samples, re- 


Tasie VIII 
Reaction between Carbonyl Compounds and dl-Alanine 


























ovy Carbonyl compound used or pmwy J | COs: liberated 
No.* reaction 
: | per 
| még min = poh 
1 | Ninhydrin 50) M. 6 | 44.2 | 99.4 
2 ss | 20] T. 7 | 44.4 | 99.7 
3 | Alloxant 116; “ | 10 5.7 | 13 
4 | Sodium 1,2-naphthoquinone-4-sulfonate | 30| “ 7 32.6 | 73.2 
5 | Sodium 1,2-naphthoquinone-4-sulfonate | 30) “ | 30 34.2 | 76.8 
6 | Potassium 1,4-naphthoquinone-2-sul- 30; “ 7 0 0 
fonate 
7 | Potassium 1,4-naphthoquinone-2-sul- 130; “ | 60 1.4] 3 
fonate 
8 | 1,4-Naphthoquinone 28 | M. | 15 0.3) 0 
9 | Potassium 2-methyl-1,4-naphthoquinone-| 30| T. | 20 0 | 0 
3-sulfonate 
10 | 2-Methyl-1,4-naphthoquinone /30; M. | bb 0 | O 
11 | Dipotassium tetrahydroxyquinonet |30; T. | 1 | 1.9] 4 
12 | Dipotassium rhodizonatet i = eS | 3.0! 7 
13 | Dipotassium croconate 30 | M. 14 | (0.3 | 0 
14 | Diacetyl 10; “ 16 | 0.2; O 
15 | 2,3,4-Triketopentanet 113; “ | 18 | 1.90] 4 


* In each experiment 44.5 micromoles of dl-alanine were used. The reactions were 
carried out in citrate buffer of pH 4.7. 

+ M. designates the manometric (20), T. the titrimetric (45) procedure. 

t With this compound considerable spontaneous evolution of CO, was observed. 





moved at various intervals during this treatment, test precipitations of the 
barium salt were made. When the brick-red color of this salt had changed 
to a pure yellow, the solution was allowed to cool, and was filtered and con- 
centrated in vacuo to a volume of 30 cc. The crude product, obtained as 
needles on brief cooling, was three times recrystallized from small amounts 
of water in the presence of norit, when the beautiful yellow needles of 
dipotassium croconate, weighing 1.3 gm., were obtained. For analysis, the 
compound was dried in vacuo at 110°. 
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CsO;Ky (218.2). Calculated, K 35.8; found, K 36.0 


The recovery of additional material from the united mother liquors was 
laborious and had to proceed through the barium salt. In this manner 
0.4 gm. of potassium croconate was isolated. The total amounted to 2) 
per cent of the theoretical yield. 

Leuconic acid was prepared in solution by the oxidation of potassium 
croconate with the equivalent amount of nitric acid (50, 51). When the 
solution of leuconic acid was adjusted to neutrality, to test for its clotting 
activity, great care had to be taken to avoid an alkaline reaction, since 
otherwise decomposition and precipitation of sodium mesoxalate (52) took 
place. 

Inositol and croconic and leuconic acids were tested with fibrinogen in a 
maximum concentration of 3.5 micromoles in the experiment; tetrahy- 
droxyquinone and rhodizonic acid had to be tested in lower concentrations 
(1 micromole) because of their scant solubility in water. All compounds 
were inactive. 

Ascorbic Acid and Its Oxidation Products—Attempts were made to test 
the effect on fibrinogen of the oxidation products of ascorbie acid. The 
oxidation of solutions of ascorbic acid with the required amount of iodine 
followed by careful neutralization led to inactive solutions. Since dehy- 
droascorbic acid is known to be unstable in vitro above pH 4, experiments 
were also carried out at pH 6.8 with an ascorbic acid oxidase preparation 
freshly obtained from summer yellow squash (11). The incubation of 
ascorbic acid and fibrinogen in presence of the ascorbic oxidase, however, 
did not produce coagulation. 


The authors are very grateful to Mr. W. Saschek for a number of micro- 


analyses. 
SUMMARY 


The following substances in low concentration were found to coagulate 
fibrinogen (in the order of their activity): chloramine-T, potassium 1 ,4- 
naphthoquinone-2-sulfonate, sodium 1 ,2-naphthoquinone-4-sulfonate, nin- 
hydrin, and, much less markedly, alloxan and salicylaldehyde. 

Some of the theoretical implications of the coagulation of fibrinogen by 
quinones were pointed out. Since most of the active clotting agents have 
been known to oxidize amino acids and certain peptides, the action of the 
thrombin on fibrinogen may likewise be of an oxidative nature. 

Because of the importance of vitamin K in blood clotting, two sulfonic 
acid derivatives of 2-methyl-1 ,4-naphthoquinone were tested with fibrin- 
ogen, but proved inactive. Other biological systems examined, which also 
were ineffective, were ascorbic acid, inositol, and their oxidation produets. 
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ON THE ORIGIN OF g-ALANINE IN THE ANIMAL BODY AND 
A MICROBIOLOGICAL METHOD OF g-ALANINE ASSAY 
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York City) 
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The existence of 8-alanine in muscle tissue has been recognized since its 
discovery in muscle extract by Engeland (1) and its identification as a 
component of carnosine by Gulewitsch (2). 6-Alanine early attracted 
speculation as to its origin, since, in contrast to most of the other known 
amino acids found in nature, its amino group is in the 8 rather than in the 
a position. The conversion of aspartic acid to 8-alanine by putrefactive 
bacteria was demonstrated by Ackermann (3) and a similar reaction has 
been postulated for the formation of carnosine in the animal body. A 
hypothetical precursor, 8-aspartylhistidine, has been assumed to undergo 
decarboxylation to produce carnosine (6-alanylhistidine). 





H—C—N CO, H—C—N 
\ 1 \ 
C—H — | C—H 
i Bs coat 
C—N—H C—N—H 
| | 


CH, NH, CH, NH, 
8 -0-NH-—CO-Cl,~-CE-COON H—¢-NH—CO—CH,—CH. 
boon Coon 

As yet, no experimental evidence has been brought forth to confirm this 
hypothesis. Du Vigneaud and Hunt (4) synthesized 8-aspartylhistidine 
and showed that it, like carnosine, could support growth of rats on a diet 
deficient in histidine. This finding justified attempts to establish experi- 
mental conditions which would test whether or not the conversion occurred. 
For such experiments, a sensitive method was needed for the detection 
of carnosine or f-alanine. Most of the existing methods of analysis for 
carnosine depended on a colorimetric reaction of the histidine portion of the 
carnosine molecule, and since aspartylhistidine would interfere, it was 
necessary to find a more specific test for carnosine. The discovery of 
Mueller (5, 6) that 6-alanine is an essential growth factor for the diphtheria 
bacillus provided the means of developing a sensitive and specific test for 
this compound. By the use of this test, carnosine and 8-alanine could be 
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detected in the presence of aspartic acid or aspartylhistidine, and it was 
possible to devise a quantitative method for the determination of the 
concentration of §-alanine. The total bacterial growth permitted by an 
unknown sample was compared with that produced by known amounts of 
pure 8-alanine. Since Mueller (7) had shown that carnosine was less 
effective than 6-alanine in stimulating growth, it was decided at the outset 
to hydrolyze all samples to be assayed. A typical standard curve of bac- 
terial growth as a function of 8-alanine content of the medium is shown 


in Fig. 1. 
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Fig. 1. Influence of amount of 8-alanine on the total growth of diphtheria bacilli 


The specificity of this method has been tested with a group of compounds 
related to 8-alanine. Among the compounds incapable of replacing 
8-alanine in the growth test are anserine, d-carnosine, 6-alanylhistamine, 
8-aminobutyric acid, and 8-aminoisobutyric acid. 

The growth test requires about 5 y of 8-alanine, an amount which com- 
pares favorably with the most sensitive chemical method for carnosine 
which requires about 50 y (8). An independent method based on the 
stimulation of yeast growth by 8-alanine, which will be described in detail 
in a subsequent publication, checked very well with the bacterial growth 
method.! 

With the development of a satisfactory method for the assay of carnosine, 
it became possible to do experiments bearing on the postulated conversion 


1 Since the preparation of this manuscript, a note by Pollack (9) has appeared, 
describing the use of a yeast growth method for 8-alanine assay. 














J. R. SCHENCK 113 


of aspartylhistidine to carnosine. Two different methods of approach were 
used. The first was the incubation of tissue slices in the presence of 
aspartylhistidine or aspartic acid. No increase in §-alanine was observed 
during the incubation of these compounds with kidney, liver, or muscle 
tissue. Control experiments showed that neither 8-alanine nor carnosine 
was destroyed under the conditions employed. 

The second method involved the use of the whole animal. Preliminary 
experiments showed that after injection, 8-alanine and carnosine disap- 
peared slowly from the blood stream of rabbits. On the basis of this 
observation, it was thought possible that 6-alanine might be found in the 
blood or urine after the injection of aspartylhistidine and aspartic acid if 
they were decarboxylated rapidly in the intact animal. The growth test 
for 6-alanine was sufficiently sensitive so that the appearance of 1 per cent 
of the injected compound as f-alanine in the blood or urine could have 
been detected. However, no indication of a conversion was obtained by 
this method. Thus the experimental results obtained do not afford any 
support for the hypothetical conversion of aspartylhistidine to carnosine. 


EXPERIMENTAL 
B-Alanine Assay Method 


A culture of the Allen strain of Corynebacterium diphtheriae was carried 
with daily transfers on the following medium? (in mg. per liter of solution): 
casein hydrolysate 1000, /-cystine 10, /(+-)-glutamic acid 500, glycerol 500, 
§-alanine 0.5, nicotinic acid 0.5, pimelic acid 0.06, NagHPO, 240, KH.PO, 
42, MgO 6.4, FeSO,-7H,O 1.0, MnCl, -4H,O 0.5, CuS0O,:-5H,O 1.0, ZnSQ,- 
7H,0 1.8, CaCle-6H,O 10. The solution was neutralized to pH 7.5. The 
hydrolyzed casein was prepared by boiling casein with 20 per cent HCl for 
18 hours and the excess acid was removed by repeated evaporation under 
reduced pressure. Calcium salts were removed by making the hydrolysate 
alkaline. 

The basal medium for the assay of 8-alanine, essentially that of Mueller 
(10), contained (in mg. per liter of solution): HCl-hydrolyzed casein 
10,000, l-aspartic acid 1250, l(+-)-glutamic acid 1250, cystine 600, KC! 400, 
NazHPO, 3000, MgCl, 200, pimelic acid 0.15, nicotinie acid 2.3, ethyl 
alcohol 7000, lactic acid 17,500, CaCl,-6H:O 200, FeSO,-7H:O 5, MnCl - 
4H,O 2.5, CuSO,-5H,0 5, ZnSO,-7H,O 9. A stock solution of this medium 
was maintained with all the ingredients at 3 times the above concentration 
except cystine, calcium chloride, and magnesium chloride. Just before 
use, the cystine was added and the medium was diluted to four-fifths the 
final volume and was adjusted to pH 7.5 (phenol red). 8 ml. of this 


? The author is indebted to Professor J. H. Mueller of Harvard Medical School for 
the culture and for formulae of the media. 
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medium were placed in a test-tube together with 2 ml. of a neutral sample 
to be assayed. The tubes were stoppered with cotton plugs and auto- 
claved for 10 minutes at 10 pounds pressure. A sterile solution of the 
calcium and magnesium salts was then added, followed by a loopful of the 
pellicle from a day-old culture of diphtheria bacilli. The mixture in the 
tubes was incubated in a slanting position for about 70 hours (maximum 
growth is attained in this time). After incubation, the total nitrogen 
content of the bacterial cells was determined in a manner described by 
Mueller (11). The 8-alanine content was determined by comparing the 
growth given by the unknown sample with a standard curve obtained with 
pure 8-alanine in amounts varying from 0 to 15 y as shown in Fig. 1. In 
the assays carried out by this method, duplicates performed on different 
days checked within 30 per cent. 

The unknown samples were prepared by hydrolysis with 10 per cent hy- 
drochlorie acid. For small portions of tissue (50 to 500 mg.), it was con- 
venient to seal the acid and the tissue in a test-tube and to heat in an oil 
bath at 100-135° for 20 hours. The hydrolysate could be neutralized with 
strong sodium hydroxide and was ready for assay after the humin was re- 
moved by filtration. Added 8-alanine could be completely recovered from 
tissues hydrolyzed in this manner. 


Tissue Experiments 


The following is a typical experiment with rat kidney. The kidneys (3 
gm.) from an adult male rat which had been killed by a blow on the head 
were decapsulated and part of the medulla was removed. The cortex was 
cut into small pieces and homogenized, together with 6 ml. of Krebs-Ringer- 
phosphate solution. 2 ml. of this homogenized suspension were placed in 
Thunberg tubes which contained aspartylhistidine or aspartic acid in the 
side arm. The tubes were evacuated and the substrate was added to the 
tissue by tipping the tube. The tubes were incubated at 37.5° for 2 hours, 
and the contents were assayed for §-alanine after hydrolysis. No produc- 
tion of 8-alanine could be detected. The same results were obtained with 
rat liver. Muscle strips incubated aerobically in Ringer-bicarbonate- 
glucose solution also yielded negative results. Experiments with slices of 
rat liver and kidney and minced muscle tissue incubated in Ringer- 
phosphate solution in the Warburg manometric apparatus showed no in- 
creased carbon dioxide production in the presence of aspartylhistidine after 
approximately 4 hours of incubation. The increase found after this period 
was attributed to bacterial action and no §-alanine was found by assay. 
Controls for the above experiments showed that carnosine was not destroyed 
under the conditions used. 
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Intact Animal Experiments 


Injection of 8-Alanine or Carnosine—In a typical experiment, 650 mg. 
of 8-alanine were injected into a male rabbit weighing 2.2 kilos. After 20, 
67, and 212 minutes, the blood contained 0.9, 0.27, and 0.03 mg. of 8- 
alanine per ml. respectively. In 1 hour about 5 per cent of the injected 
g-alanine appeared in the urine. 

Injection of Aspartylhistidine or Aspartic Acid—390 mg. of aspartyl- 
histidine were injected into the marginal ear vein of a male rabbit weighing 
1.85 kilos. Blood samples removed after 14 and 60 minutes contained no 
g-alanine. If 1 per cent of the injected aspartylhistidine had appeared in 
the blood as carnosine, it could have been detected. The urine contained 
no more §-alanine after the injection than normal urine, and again an 
excretion of 1 per cent of the theoretical 6-alanine could have been detected. 
Several other similar experiments and one with aspartic acid also gave 
negative results. 


SUMMARY 


A microbiological assay method for 8-alanine based on the growth of the 
diphtheria bacillus is described. This method has been used as an an- 
alytical method in tissue experiments and experiments with intact animals, 
devised to test hypotheses regarding the origin of 8-alanine in the animal 
organism. From these experiments, designed to investigate the possible 


' conversion of aspartic acid to -alanine or of aspartylhistidine to carnosine, 


no evidence was found to support the hypothesis that 8-alanine is derived 
from aspartic acid or carnosine from aspartylhistidine. 


The author wishes to express his appreciation to Professor Vincent du 
Vigneaud for his suggestion of the problem and for his interest and counsel 
throughout the course of the investigation. The author is also indebted to 
Dr. Dean Burk, Dr. Fritz Lipmann, and Dr. William H. Summerson for 
advice regarding the experiments in the Warburg apparatus. 
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The ready availability of the hexitols due to the development of methods 
of synthesis by electrolytic reduction of the corresponding hexoses has made 
a more complete understanding of their metabolic fate desirable. There 
seems to be some evidence that their metabolism resembles that of the 
analogous sugars. 

Sorbitol is the most readily available physiologically of the hexitols. 
Although Payne, Lawrence, and McCance (1) were unable to demonstrate 
an increase in the liver glycogen of rats after the oral administration of 
sorbitol, Waters (2) showed that marked glycogen deposition resulted when 
the material was injected intraperitoneally, a result which was confirmed by 
Todd, Myers, and West (3). After oral administration, Todd, Myers, and 
West (3), Carr and Forman (4), and Blatherwick et al. (5) demonstrated 
some degree of glycogen deposition in the liver. Better results were 
obtained if the sorbitol was fed in cacao butter. This probably lessens 
peristalsis and prevents the diarrhea which usually accompanies the inges- 
tion of large quantities of aqueous solutions of sorbitol. 

Mannitol is much less readily metabolized. Silberman and Lewis (6) 
were unable to demonstrate the conversion of mannitol to glycogen when 
fed in aqueous solution to rats. When it is fed as 33 per cent of cacao butter 
diet, Carr et al. (7) found some glycogen storage, although its metabolism 
was at too slow a rate to have any effect on the respiratory quotient. Carr 
and Krantz (8) and Todd, Myers, and West (3) also found glycogenesis 
after the cacao butter-mannitol mixture was given, although the last work- 
ers found no response when the hexitol was administered alone orally or 
intraperitoneally. 

Dulcitol was found by Carr and Krantz (9) to be a source of liver glycogen 
in rats and rabbits when fed in cacao butter, although no noticeable effect 
on the r.q. of rats or on the blood sugar of rabbits could be noted. 

Because of the contradictory results which have been obtained, it seemed 


* Some of the data reported here were presented at a meeting of the Southern 
California Section of the Society for Experimental Biology and Medicine held at the 
California Institute of Technology, June, 1941. They were presented by Cornelia 
Johnston in partial fulfilment of the degree of Master of Science in Biochemistry 
in the Graduate School of the University of Southern California. 
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TaBLe I 


Liver and Muscle Glycogen of Normal Rats; Previously Fasted 48 Hours, at Various 
Periods after Intraperitoneal al Injections of Hexitols, Glucose, or Sodium Chloride 























| Liver | Muscle 
moe | Sex Z § Fisher! lk Fisher ¢ 
H £3)\ Glycogent \22| Glycogent 
> |°s Calcu- | 5 sé “alee | o 
5 s £ | lated? Found E = lated? Found 
6 hrs. after injection 
gm. per cent | | | per cent | | 
NaCl M.| 146] 15}0.21+0.03) |  |5/0.2%+0.04 | 
Glucose. .... 154) 15| 3.18 + 0.20) 2.76 | 12.98 | 5 0.59 + 0.04) 3.36 | | 5.73 
Sorbitol... 149} 15! 3.75 + 0. 20) 2.76 | 16.40 | 4 | 0.34 + 0.02| 3.50 | 1.54 
2.76§) 1.965) | 3.508) 5.05§ 
Mannitol 151| 14) 0.47 + 0. 09 2.76 | 2.70/6 0.25 + 0.02! 
NaCl 222} 5| 0.22 + 0.08) 3 | 0.23 + 0.03 
Gluccse|| 227| 10) 1.53 + 0.12) 3.01 | 6.75 | 8 | 0.34 + 0.02) 3.25 | 3.17 
Dulcitol|| 224| 10| 0.30 + 0.06, 3.01 | 0.73 | 7 | 0.23 + 0.02 
NaCl... F. 108) 9/0.08 + 0.06) | 7 0.21 + 0.03 
Glucose 111} 9) 1.97 + 0.15) 2.92 | 11.15 | 9 | 0.37 + 0.02) 2.80 | 6.12 
Sorbitol... 112) 10) 2.35 + 0.01 2.90 | 13.88 | 9 0.30 + 0.01) 2.98 | 3.53 
| | | 2.90§| 1.778 2.92§| 2.905 
Mannitol . 106) 10) 0.13 + 0.05) 2.90 | 0.61 | 5 | 0.28 + 0.07! 3.17 | 1.02 
2 hrs. after injection 
, 2 | —- aa 
NaCl F. | 136| 10} 0.01 + 0.01| 9 | 0.22 + 0.02! 
Glucose......| | 130) 9) 1.81 + 0.27) 2.90 | 6.37 | 9 | 0.43 + 0.02) 2.92 | 6.46 
Sorbitol... | 130) 10) 1.87 + 0.15) 2.88 | 11.32 | 9 | 0.40 + 0.03) 2.92 | 5.95 
18 hrs. after injection 
oe F. 139) 10] 0.04 + 0.02 9 0.20 + 0.02) 
Glucose. .... 133, 10) 1.88 + 0.22 2.88 | 7.71 ie | 0.37 + 0.03) 2.90 | 4.82 
Sorbitol ... 136) 9) 2.21 + 0.12) 2.90 18.20 | 9 0.37 + 0.03) 2.92 | 4.56 
1 
| 


| 2.92§ ; 194] 


° The strength of the sjacene and hexitol schutions was 25 per cent unless others 
wise noted, while that of sodium chloride was 0.9 per cent. In the experiments on 
males, 1.0 cc. per 100 sq. em. of surface area was used; in the females the dose was 
only 0.5 ec. per 100 sq. em. 

t Including the standard error of the mean calculated as follows: \/Zd?/n/V/n 
where d is the deviation and n is the number of experiments. 

t Based on a p value of 0.01 (1 chance in 100 that the difference is due to experi- 
mental error). See Fisher (14). 

§ Comparison with glucose; other comparisons are with controls which received 
sodium chloride. In both series of 6 hour experiments, the liver glycogen after 
sorbitol is significantly higher than after glucose if a p value of 0.1 is used. 

| 9 per cent soultion injected. 
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desirable to follow the level not only of liver glycogen, but also of muscle 
glycogen after intraperitoneal injection of glucose and the hexitols; also a 
comparison of the ability of the sugar alcohols to be changed to glucose 
seemed worth while by other means of evaluation, such as the degree to 
which they lower exogenous and endogenous ketonuria. Finally, because 
of some unexpected results obtained with sorbitol when administered to 
rats having an endogenous ketonuria, comparisons were also made of gly- 
cogenesis in animals having fatty livers. 


TaBie II 


Comparative Effect of Glucose and Various Hezitols on Exogenous Ketonuria of Fasting 
Female Rats Fed 150 Mg. of Sodium Butyrate (As Acetone) per 100 Sq. Cm. 
in Two Divided Doses Daily 





Acetonuria per 100 sq. cm. as acetone* 

















| Body | Average of 4 days 
Substance |weight pee meee 
fed | at 4th Fisher 
| start ist day | 2nd day | 3rd day day geo t 
Value ; .|8 found 
| me | ass) 
4 gm. me. ‘ meg. |. Z meg. mg. re we 
Controls 141 | 105.4 + 5.7 | 106.1 + 5.4 | 108.9 + 4.9 98.2 106.5 + 2.9 | 
(11) (11) (9) (1) (32) | 
Glucose 148 5582+7.5) 47824259) 375+7.3 | 47.9 + 4.3 |11.32)11.20 
(8) (8) (6) |) 2 a 
Sorbitol 151 87.0+6.4 73.3 + 3.8 72.8 + 4.0 55.7) 76.9 + 3.3 | 6.53 6.53 
(10) | (9) (7) (2) (28) 
Duleitol 135 | 88.7474) 894484) 96.1 + 7.9 |82.4) 90.54 4.1| 3.19) 3.14 
@ | @ | (7) |} (5) | 
Mannitol | 157 | 99.9+ 8.1 91.7449 90.0+7.7 [73.7 93.9 + 3.9 2.57) 2.51 
az, | a2 | @® j|;a@) @ | 





The figures in parentheses represent the number of determinations in the average. 

* Including the standard error of the mean, calculated as in Table I. 

t Ratio of the mean difference to the standard error of the mean difference. 
When this exceeds 3.00, the value is considered statistically significant as com- 


pared with controls. 
t Based on a p value of 0.01 (1 chance in 100 that the difference is due to experi- 


mental error). 


EXPERIMENTAL 


In the studies on glycogenesis, the hexitols, glucose, and sodium chloride 
were administered intraperitoneally in two doses at 3 hour intervals to rats 
previously fasted for 48 hours. The total amount injected per 100 sq. cm. 
of body surface was 1 cc. of a 25 per cent glucose, sorbitol, or mannitol 
solution or of a 9 per cent glucose or dulcitol solution or physiological saline. 
The dulcitol solution was a saturated one. The gastrocnemius muscle and 
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liver were removed under sodium amytal anesthesia. After the muscle was 
exposed,' the whole area was frozen in situ with an ether-CO, mixture and 
then removed. The liver was also immediately removed, frozen in a dry 
ice-ether mixture, and weighed and the glycogen determined by the pro- 
cedure of Good, Kramer, and Somogyi (10). 


Taste III 


Comparative Effect of Glucose and Various Hezxitols on Endogenous Ketonuria of 
Fasting Female Rats Fed 25 Mg. per 100 Sq. Cm. Twice Daily 





























Acetonuria per 100 sq. cm. as acetone* Liver 
PRR wee. SNe a P< analyses 
Substance ban A » (Ser 
fed ay 6 N 
2nd day 3rd day 4th dayt | Average als t = 
‘. | | |i = |2 
| a = _ 
me. ie pe 
gm. | me. | me. me. me. per 400 fl pa 
Controls | 138 | 31. 7 + 4.2 | 39.1 + 3.1 | 35.8 + 3.2 | 35.5 + 2.2 28.3 54.4/28.4 
} | (ia) (3) | =) | (35) 
Glucose | 135 | 17.3243.0/194+ e 10.8 + 2.5 | 16.3 + 1.7 | 6.85) 25.855.2/27.8 
| (12) (14) (10) (36) 
| 6.17 
Sorbitol | 139 | 25.2 + 3.0 | 36.9 + 3.5 | [ae SPTEAS & 83) 1.61) 22.659.6/20.3 
| (14) (14) (14) (42) 
| 
Dulcitol | 135 | 31.5 + 4.0 | 39.8 + 2.8 | 21.6 + 2.9 | 31.7 + 2.2 | 1.22) 27.3'55.3/26.8 
(14) (14) a) | “¢a9) | 
Mannitol | 135 | 31.1 + 3.9 | 31.7 + 2.6 - vs nike | 28.1 + 2.2 | 2.39) 25.558.9/20.1 
(13) (12) (10) | (85) | 
| 4.00 | 








The figures in parentheses represent the number of experiments in the average. 

* Including the standard error of the mean, calculated as in Table I. 

t The figures in bold-faced type are the ratio of the mean difference to the standard 
error of the mean difference for the 4th day only when compared with the controls. 

t Ratio of the mean difference to the standard error of the mean difference. 
When this exceeds 3.0, the results are considered significant. 


Exogenous ketonuria was produced by the oral administration twice 
daily of 0.5 cc. of a 22.5 per cent solution of sodium butyrate (containing 
150 mg. of butyric acid calculated as acetone) per 100 sq. cm. of surface 
area, as employed earlier (11). The hexitols and glucose were administered 
simultaneously in an amount of 25 mg. per 100 sq. cm. twice daily. In 
order to produce an endogenous ketonuria, fatty livers were first developed 


1 Only those muscles were analyzed in which no contraction occurred prior to im- 
mersion in the freezing mixture. 
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in rats by feeding a high fat diet containing Crisco over a 12 day period, 
as in earlier work (12). On subsequent fasting, the effect of administration 
of 25 mg. of glucose twice daily or equivalent weights of the hexitols on the 
resulting ketonuria was followed. 

At the conclusion of the experiments on endogenous ketonuria, the 
animals were sacrificed and the water and lipid contents of the liver were 
determined (12). In the results recorded in Table IV, glycogen was also 
determined as a portion of the liver. 

The rats used were from our stock colony. In each series of experiments 
litter mates were equally distributed among the different groups as far as 


Tasie IV 
Liver Glycogen of Fat-Free Liver 6 Hours after Intraperitoneal Injection of Glucose or 


Sorbitol in Female Rats Previously Fasted 2 Days after Having Received 
High Fat, Low Protein Diet for 12 Days 





























Glucose | Sorbitol 
“ee Srey  Lergepmes | | | terpenes) 
Liver lipid | No.of | pogy | fatter Bans” | No.of | poy | Yates Basia 
ments | Weight? | ae ) aaia- | ae | iments | weight | Maxi- | Mini- | yo. 
mum | mum | Mean | mum | mum | Mean 
———$____—_—— |. —_——_ | —--—__ | | — ee ee a _ 
per cent | gm. per cent | per cent per cent) | gm. per cont | per cent) per cent 
<5 3 146 | 3.34 | 0.61 | 1.98 
5.00- 9.99 7 133 | 1.68 | 0.41 | 1.22 7 134 | 2.66 | 0.62 | 1.62 
10.00-14.99 | 5 127 | 1.82 | 0.32 | 1.00 9 130 | 2.12 | 0.64 | 1.38 
15.00-19.99 7 128 | 1.07 | 0.50 0.80 5 154 | 2.26 1.56 | 1.78 
20.00-24.99 7 | 125 | 1.56 |0.26/ 1.05} 3 | 124 | 1.66 | 0.46 | 1.19 
25.00-29.99 6 | 107 | 2.00 | 0.00 | 1.01 5 123 | 1.45 | 0.39 | 0.91 
30.00-34.99 4 | 103 | 2.42 | 0.21 | 1.14 7 118 | 1.70 | 0.38 | 0.95 
35.00-44.99 5 106 | 2.31 | 0.31 | 1.05 6 116 | 1.47 | 0.34 | 0.91 

















*At the time of injection, after a 48 hour fast. 


possible. The hexitols were highly purified products from the following 
sources: sorbitol (Atlas Powder Company), mannitol (Pfanstiehl), and 
duleitol (Merck). Surface area was calculated by the formula of Lee (13). 


Results 


The average liver and muscle glycogen of the rats receiving the various 
hexitols, glucose, and physiological saline solution are given in Table I. 
A comparison of the effect of glucose and the hexitols on the exogenous 
ketonuria produced by the feeding of sodium butyrate is given in Table 
II. Table III presents a similar summary on rats having an endogenous 
ketonuria produced by the previous feeding of a high fat, low protein diet. 
Table IV records the values of liver glycogen in female rats in which fatty 
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livers had been developed by a high fat, low protein diet, as described 
earlier (11), 6 hours after the intraperitoneal injection of glucose or sorbitol, 
The content of glycogen is calculated on the basis of a fat-free liver so that 
it may be more readily compared with the glycogen levels, recorded in 
Table I, of normal fat levels in the livers. The data demonstrate that a 
marked reduction in ability to form liver glycogen occurs in animals with 
fatty livers; moreover, this decreased transformation is more evident after 
sorbitol than after glucose. 


DISCUSSION 


In each of the four series of experiments carried out to compare the 
glycogenic ability of glucose and sorbitol, which are recorded in Table I 
(6 hours after administration on male and female rats, 12 and 18 hours on 
females), the average level of liver glycogen was invariably slightly higher 
in the sorbitol-injected rats. In the 6 hour experiments, the liver glycogen 
after sorbitol and glucose averaged 3.75 and 3.18 per cent respectively in 
the males and 2.35 and 1.97 per cent in the females. Approximately equal 
levels were obtained at 12 hours (1.87 and 1.81 per cent respectively), al- 
though the levels for sorbitol again were higher at 18 hours (2.21 and 1.88 
per cent). 

On the other hand, the injection of glucose caused a much more imme- 
diate marked rise in muscle glycogen than did sorbitol. In the 6 hour 
experiments on males, the muscle glycogen in the rats receiving sorbitol had 
been elevated only from the control level of 0.26 to 0.34 per cent, while in 
those which were given glucose, the value was 0.59 per cent. Similar 
results were obtained in the 6 hour experiments on females (control 0.21, 
sorbitol-fed 0.30, glucose-fed 0.37), while at 12 and 18 hours the rats 
receiving sorbitol and glucose had practically identical levels of muscle 
glycogen. 

After the injection of mannitol a slight increase in liver glycogen was 
noted in the 6 hour experiments on males. The rise in liver glycogen was 
far less than that reported by Deuel, Hallman, Murray, and Hilliard (15) 
after the intraperitoneal injection of mannose, when an average value of 
1.28 per cent was found. Dulcitol caused practically no increase in liver 
or muscle glycogen, in contrast to the much greater effect of galactose (16). 
The glycogen present in the muscles as well as the livers of the control 
rats was invariably higher in the male rats than in the female rats, which 
confirms our earlier findings (17). 

On the basis of the studies of ketonuria, however, the ability of sorbitol 
to be converted to glucose is much less than would be expected from the 
results on liver glycogen. The administration of sorbitol caused an average 
lowering of ketone bodies of 29.6 mg. (from the control level of 106.5 to 
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76.9 mg.), while a similar dose of glucose brought about twice the decrease 
(58.6 mg.). The drop in ketonuria after dulcitol and mannitol was much 
less (16.0 and 12.6 mg. respectively) but both were significantly lower than 
the control level. 

On the other hand, sorbitol produced an effect which was only 25 per 
cent that of glucose in the experiments in which an endogenous type of 
ketonuria was employed. Whereas the lowering of ketonuria after the 
daily administration of 50 mg. of glucose was 19.2 mg., the decrease with 
sorbitol was only 5 mg. This value was no greater than with dulcitol and 
mannitol. With the latter hexitols, however, the effect was only noted 
on the 3rd and 4th days. Possibly some cumulative effect may have 
occurred here. 

In our earlier studies we have usually found a correlation between 
glycogenesis and ketolytic activity. This is certainly not evident in the 
present experiments. Possibly the comparison should rather be made 
between muscle glycogen and ketolysis. It is in the muscle that the ketone 
bodies are oxidized as well as glucose. If any such relationship exists 
between the disappearance of these substances, it should be related to their 
concentration at the site of oxidation. 

Another explanation is needed for the lowered activity of sorbitol in 
endogenous compared with exogenous ketonuria. This can readily be 
explained if the transformation of sorbitol to glucose is interfered with in 
the animals with fatty livers due to liver damage, since it appears that the 
liver is the chief site for oxidation of sorbitol to glucose. If glycogen were 
not formed in the liver, it could not be available for muscle glycogen. That 
such damage may occur is suggested by other experiments in which a 
decreased glucose tolerance was noted in rats with fatty livers, owing 
presumably to decreased ability in glycogenesis (18). In the experiments 
with animals having fatty livers, it was found that the level of liver glyco- 
gen was markedly lower after the administration of glucose or sorbitol 
than in rats in which the lipid content of the liver was normal. The reduc- 
tion in glycogenesis was greater with sorbitol than with glucose. However, 
since glucose is capable of being transformed directly to muscle glycogen 
without any preliminary alteration in the liver, while apparently this 
cannot occur with sorbitol, the discrepancy in the ketolytic action here 
becomes greater. 


SUMMARY 


Sorbitol was found to act slightly more effectively than glucose in causing 
a deposition of liver glycogen when injected intraperitoneally in male or 
female rats in 6 hour studies and in female rats in the 12 to 18 hour experi- 
ments. However, glucose differs in causing a much more prompt and 
greater increase in muscle glycogen, which is evident in the 6 hour experi- 
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ments. The maximum muscle glycogen after sorbitol administration was 
not found until 12 hours later; after 18 hours the levels of muscle glycogen 
were still elevated over the control values in both groups and they were 
identical. However, the ketolytic effect of sorbitol was only 50 per cent 
that of glucose, as shown by exogenous ketonuria; in experiments in which 
an endogenous ketonuria was employed, sorbitol was shown to have only 
25 per cent the effectiveness of glucose. Because the level of glycogen is 
somewhat higher in the liver and much lower in the muscle after sorbitol 
than after glucose, it is suggested that the liver is probably the site of trans- 
formation of sorbitol to glucose. The lower effect of sorbitol in endogenous 
compared with exogenous ketonuria is believed to be caused by the failure 
of the fatty liver to convert sorbitol to glycogen at its normal rate, owing 
to a derangement in its function in animals with fatty livers. 

There is evidence from experiments with exogenous ketonuria that man- 
nitol and dulcitol are both ketolytic agents and therefore must be potential 
sources of glucose. They are only half as effective as sorbitol and 25 per 
cent as effective as glucose. In the studies on glycogen formation, manni- 
tol was found to be only weakly active, while no proof of the transformation 
of dulcitol to this polysaccharide could be noted. 
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CHEMICAL AND BIOLOGICAL STABILITY OF CRYSTALLINE 
VITAMINS D. AND D; AND THEIR DERIVATIVES 


By W. HUBER anp O. W. BARLOW 


(From the Research Laboratories, Winthrop Chemical Company, Inc., 
Rensselaer, New York) 


(Received for publication, April 6, 1943) 


Fritz, Halpin, Hooper, and Kramke (1) presented evidence that vitamin 
D is not stable when added to various dry carriers as it must be added of 
necessity to mixed feeds. The carriers used include dried whey, sucrose, 
oyster shell, mineral mixtures, sand, kaolin, and MnSQ, in mixtures with 
such solvents as ether, corn oil, tuna oil, and the v.s.P. reference oil with a 
menstruum such as cereals and ground corn. Instability is due to num- 
erous substances or conditions that promote oxidation. Temperature 
coefficients and other data indicate that the destruction is due to a chemical 
reaction. 

Thus, all forms of vitamin D, including activated ergosterol in a crystal- 
line form or when adsorbed on casein (ertron), activated 7-dehydrocho- 
lesterol (crystalline vitamin Ds), as well as vitamin D from natural sources, 
are susceptible to destruction. This change occurs more rapidly in a dry 
dispersed state than in emulsions. 

Various methods for stabilizing vitamin D have been tested. The most 
effective protection is afforded by coatings which prevent contact with air. 
Thus, coating agents such as dried whey with hydrogenated fats and cal- 
cium stearate impart materially more stability than does whey alone. 
Mineral mixtures deteriorated rapidly, but were satisfactorily stabilized by 
hydrogenated fats or even molasses. Packing in inert gases additionally 
retards the rate of destruction. 

Baird, Ringrose, and MacMillan (2) reported that the vitamin D con- 
tent of chick ration fortified with cod liver oil and stored at summer tem- 
peratures for 32 weeks showed no measurable destruction. Jung (3) noted 
that peanut oil solutions of vitamin Dy, were less stable than similar solu- 
tions of vitamin Ds, but the stability on addition of stabilizing substances 
such as yeast, alfalfa meal, and CaCO, was satisfactory. 

The present report deals with the stability of crystalline D vitamins and 
their derivatives per se, as well as when incorporated in pharmaceutical 
preparations. 

During the last 4 years large amounts of vitamins D, and D, and their 
derivatives have gone through our hands and we have tried to establish 
their data in terms of melting point, specific rotation, and ultraviolet ab- 
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sorption with the greatest possible accuracy. The esters of vitamins D, 
and D; with various nitrobenzoic acids are not only characteristic deriva- 
tives, but are also optimally suited for storage purposes from the standpoint 
of stability. They remain unchanged over a period of years if a slight 
photodecomposition is avoided by storage in amber bottles. 

It is our experience that pure crystalline vitamins D should be prepared 
by direct saponification of rigidly purified esters rather than by recrystal- 
lization. The latter procedure is always accompanied to some extent by 
more or less decomposition based on determinations of the physical con- 
stants. 

The data for melting point, specific rotation, and ultraviolet absorption 
on the 4-nitrobenzoates, 3,5-dinitrobenzoates, and 4-methyl-3 , 5-dinitro- 
benzoates of vitamins D, and D; are incomplete and widely scattered over 


TaBLe II 


Melting Points, Specific Rotation, and Ultraviolet Absorption of Pure Crystalline 
Vitamins D,, D;, and D;-Cholesterol 








EX 107% 











. q Specific rotation (maximum Pra Soe 
oe aa [a] 1.6 per cent Se (color, white) 
D solution 265 A) 
sc. degrees 
Vitamin D, 116-117* --48.2 | Chloroform /|19.50-19.70 | Fine clustered 
+83.4 | Acetone needles 
“ Ds | 84- 85* +51.9 | Chloroform |18.90-19.20 | Needles 
+84.8 | Acetone 
“ D;- 119-120* +26.4 0 9.45- 9.60 | Fine clustered 
cholesterol needles 











* The sample was dropped into a bath 15° below the melting point. The rate of 
heating was 6-7° per minute. 


the literature. Table I shows the physicochemical data of these esters and 
of the 4-methyl-3-nitrobenzoates of vitamins D, and D3, which in our ex- 
perience are characteristic for the pure compounds. 

Anderson, Bacharach, and Smith (7) have investigated extensively the 
properties of crystalline vitamin D,. We are able to confirm their values, 
although in our experience the EZ, values are not scattered over quite such 
a wide range. Table II shows data which in our experience are the con- 
stants in terms of melting point, specific rotation, and ultraviolet absorption 
of pure crystalline vitamins Dz, and Ds; (8) and the vitamin D,-choles- 
terol double compound. The latter (9) is an addition product or com- 
pound of vitamin D,; and cholesterol in molecular proportions. It can be 
obtained from crude vitamin D; resins in over 90 per cent yield and thus 
represents the most economical way to obtain a crystalline vitamin Ds; 
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preparation of standard purity. Pure crystalline vitamin Dy itself is 
difficult to obtain, the yields varying from 40 to 80 per cent. 

It is a wide-spread assumption that pure crystalline vitamins D, and Ds, 
are stable compounds. From our experience, we cannot concur entirely 
in this opinion on the basis of observed physicochemical characteristics. 
Such stability data under various conditions are illustrated by Table ITI. 


DISCUSSION 


The various nitrobenzoic esters of vitamins D, and D; can be stored for 
at least 5 years at room temperature without decomposition. They can be 
rigidly purified by recrystallization until their physicochemical data con- 
form to the characteristics in Table I. Pure crystalline vitamins D2 and 
Ds with constants conforming to those in Table II can be obtained by direct 
saponification with methanolic KOH from these esters. 

Pure crystalline vitamin De, when sealed in amber evacuated ampules 
and stored in the refrigerator, does not change in appearance and in its 
physicochemical constants up to 9 months. With storage at refrigerator 
temperatures under air, decomposition occurs after 1 to 2 months, as indi- 
cated by the appearance of small oil deposits in the crystalline mass, to- 
gether with a decrease of the melting point and of the rotation. A similar 
detectable decomposition is noted after storage in sealed, air-filled ampules 
at room temperature for 2 to 3 days. Inert gases such as nitrogen or car- 
bon dioxide very materially diminish, but do not prevent, the decom- 
position. 

Deterioration of pure crystalline vitamin D, is negligible after 12 months 
storage in amber evacuated ampules at refrigerator temperatures. In 
general it is more stable than vitamin D. when tested in the same manner. 
It seems well suited to serve as a standard reference preparation, provided 
it is stored under proper conditions. It also seems advisable to prepare 
fresh material every 9 to 12 months from rigidly purified esters witha 
standardized saponification procedure. 

Vitamin D;-cholesterol, although suited for the economical production of 
a crystalline vitamin D; preparation, shows a slightly inferior stability, as 
compared with vitamin D3. 

The above results indicate strongly that crystalline vitamin D prepara- 
tions, unless handled with great care, are apt to lose potency in short order. 
Crystalline vitamin D preparations should be stored under optimal condi- 
tions and if the compounds are to be used for chemical studies their physi- 
cochemical constants should be rechecked if aged more than 12 months, 
although such changes on the basis of acceptable standards (40,000 inter- 
national antirachitic units per mg.) are not demonstrable by biological tests 
on rats or chickens. 
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Stability of Vitamin D on Basis of Biological Assay 


The degree of utilization of vitamin D differs materially, depending on 
the medium in which it is administered. Lewis (10) demonstrated that 
crystalline vitamin D, is clinically more effective when administered in 
the daily ration of milk to the child than when given in oily solution. His 
findings in this regard have been confirmed by Eliot et al. (11) and by 
Shelling (12). 

Reports on the stability of vitamin D in various menstrua, however, are 
thus far meager and have not definitely settled all aspects of the question, 
Bourdillon, Bruce, and Webster (13) studied the stability of olive oil solu- 
tions of irradiated ergosterol. They found that such solutions, when stop- 
pered and kept at 0°, showed no deterioration, but that the vitamin D 
values of similar samples kept at room temperature deteriorated materially, 
The authors estimated, by extrapolation of their data, that the solutions 
kept at room temperature would lose half of their potency in 3 years. 

Bruce, Kassner, and Phillips (14) studied this problem in a more detailed 
manner. Solutions of crystalline vitamin D, in olive oil, cod liver oil, 
halibut liver oil, and paraffin oil were examined for stability; all solutions 
were sealed under nitrogen and were kept at 0°. These studies indicated 
that deterioration of the vitamin D occurred in all of the menstrua with the 
exception of the solutions in paraffin oil. However, the changes noted 
were not great, and the authors felt that the losses were within the limits of 
the experimental error inherent in biological assays for vitamin D. Such 
was certainly the case where one solution showed an apparent deterioration 
of 35 per cent after 11 months storage, but only 7 per cent after 19 months. 
Natural vitamin D kept at 0° under nitrogen for periods up to 3 years 
showed no change, except that the solutions in halibut liver oil seemed to be 
consistently less potent after various periods of storage. 

On the other hand, Shelling (15) has shown that aqueous emulsions of 
oily solutions of vitamin D, although clinically very effective, deteriorate 
rapidly in the presence of air. Under these conditions, the antirachitic 
values of such emulsions deteriorated more than 90 per cent in 6 months. 
However, when the emulsions were stored for corresponding periods under 
nitrogen, only minor losses were observed. Studies on the stability of 
vitamin D, in water and milk were also reported by Supplee et al. (16). 
These authors reported that propylene glycol solutions of vitamin D were 
unstable when diluted with water, but entirely stable when diluted with 
milk during the period of assay. 

According to Fuchs and van Niekirk (17), crystalline vitamin D, sealed 
in ampules under air loses from 35 to 55 per cent of its potency during 2 
years storage in the dark. The literature, therefore, indicates that the 
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stability of vitamin D, to aging, either as crystals or in solutions, is de- 
pendent largely on the protection of the vitamin from oxygen. 

We have been interested for some time in the stability of vitamins D, 
and Ds in various menstrua. This paper presents a comparison of the 
relative stability of suspensions of vitamin D in water and milk and of solu- 
tions in vegetable oils or in propylene glycol. In view of the reports in the 
literature, it has seemed desirable to report stability data on solutions kept 
under the most severe conditions of storage likely to be encountered in 
practice. 


TaBLe IV 
Recalcification Values 











ee ——————<—— ——_—— 


Daily dosage level (10 days) 




















Product ' anitnis a 
25mg. | 75mg. | 20mg. 
u.s.p. reference cod liver oil, No. 2-36. 
Distribution date, Oct. 17, 1936; 
dilutions with peanut oil; dose in 
Diy o0vie ds bhes shes echaaee 1.21+ | 2.85+ | 3.17+ 
0.00625 | 0.01875y | 0.057 0.17 





Drisdol, Lot DP-3319, No. 917. Room 
temperature 3 yrs.; dilutions with | 
propylene glycol; dose in 0.1 ce. 
NS 2d, sth sds Silo de ax Wenken 1.37+ | 2.79+ | 3.38+ | Not tested 

Lot DP-3319, No. 917. Room tempera- 
ture 3 yrs.; stock solution in water, | 
then added to milk; dose in 4 ce. by | 
stomach tube (Sample B)............ | 1.34 3.0+ | 3.25+ 3.444 

Lot DP-3319, No. 917. Same stock | | 
(water) solution as used for milk, | 
diluted with distilled water; dose in 
4 cc. by stomach tube (Sample C).....| 0.114 | 0.364 | 0.88+ 1.55+ 




















Methods 


The several preparations were tested for vitamin D according to the 
procedures described in the United States Pharmacopoeia XI, or Volume 
XI, Second supplement. Eight to twelve animals were employed at each 
dosage level tested. All tests were completed prior to March, 1941. 


Stability of Crystalline Vitamin D, in Various Solvents 


Table IV presents a comparison of the antirachitic potency of the 
U.s.P. reference oil and of crystalline vitamin D, in propylene glycol, when 
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diluted (1) with propylene glycol, (2) with water, and (3) with milk. These 
data were obtained in 1936, at which time the solution of vitamin D, 
in propylene glycol (drisdol, Lot DP-3319) stored at room temperature 
under test was more than 3 years old. It had not changed in potency 
during that time. 

Watier—Vitamin D, in propylene glycol, when diluted with water under 
the conditions described by Supplee et al., deteriorated markedly; 1.e., a 
loss of more than 75 per cent occurred during the period of the bioassay 
even though the samples of aqueous supplement were stored under re- 
frigerator conditions. When the above freshly prepared aqueous stock 


TABLE V 
Effect of Storage at 40° on Potency of Solutions of Vitamin D, in Propylene Glycol 


Average recalcification values (+) 


Length No. of : , — ¥ , . E 
°o lots } unit } unit 1 unit 1$ units 2 units 


storage tested es - am = 
RO" i R.O Vitgete R.O. ie R.O. hos R.O. Vitgaie 
wks 
Fresh 168f 1.16 | 1.60 | 2.49 | 2.87 | 2.76 | 3.06 | 2.99 | 3.54 | 3.32 | 3.44 
3 42 1.28 | 1.84 | 2.51 | 3.10 | 2.87 | 3.16 = -- 3.47 | 3.66 
13 36 1.25 | 1.52 | 2.47 | 2.89 - - ~ 3.46 | 3.31 | 3.51 
17 6 = — 2.56 | 2.61 - — - 3.36 | 3.44 - 
26 50 0.95 | 1.49 | 2.25 | 2.83 _ — — 3.23 | 3.16 | 3.13 
30 4 - _ 2.54 | 2.81 - - - 3.39 | 3.43 ~ 
52 50 1.15 | 1.57 | 2.26 | 2.78 | 2.79 | 3.12 | 3.10 | 3.32 | 3.21 | 3.38 
114 25 - - - — | 2.70) 3.10 | 3.00 - - |- 
169 2 - — - _ 2.70 | 3.07 | 3.00 — - - 
229 | 2 _ - _ _ 2.70 | 3.05 | 3.00 = _ - 


* u.s.P. reference oil. 

t Vitamin D preparation. The estimated potencies are based on the assumption 
that 1 mg. contains 40,000 U.s.P. units. 

t Most lots were tested at three dose levels. The figures given are averages of 


all available data on these 168 lots. 


solution of drisdol was further diluted so that the supplement samples were 
suspended in milk, vitamin D assay values of the reference oil, drisdol Lot 
DP-3319 in propylene glycol (Sample A), or dilutions of Sample A in milk 
differed in no essential respect. Our observations indicate that drisdol 
per se is stable, but confirm both those of Supplee et al. and those of Shelling 
as to the instability of vitamin D in water (watery dilutions of propylene 
glycol solutions) and those of the former authors when the vitamin D 
preparation was diluted with milk. 

Propylene Glycol—Solutions of crystalline vitamins D, and Ds were pre- 
pared to contain 0.0257 per cent of the vitamin by weight. Samples were 
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stored in full amber bottles at 5°, at room temperature, and at 38-—40°. 
The bottles were well sealed, but no attempt was made to displace air with 
CO, before they were sealed. The incubator samples were subsequently 
retested at somewhat longer intervals. Refrigerator samples were assaved 
occasionally simply as a control procedure. The results of these studies 
are shown in Tables V and VI. 

Vegetable Oils—Solutions of crystalline vitamins D, and Ds, 0.0257 per 
cent in sesame and corn oils, were prepared and stored under the same 
co.iditions as described above. The incubated samples were kept in one 


TaBLe VI 


Effect of Storage at 40° on Potency of Solutions of Vitamin D;* in Propylene Glycol 
g y 0, . P y 


Average recalcification values (+) 


— } unit j unit 1 unit 2 units 
‘R.O.t |VitaminD{| R.O. |VitaminD| R.O. \Vitamin D ~R.O. | Vitamin D 

: wks. | 
0 1.10 1.20 2.25 2.38 - —_ 3.12 3.39 
8 0.75 1.57 1.86 2.71 ~ — | 3.00 3.28 
13 0.94 1.63 1.94 2.75 ~ - | 3.0 3.30 
17 1.55 1.50 2.10 2.55 _ _ 2.55 3.15 
22 1.22 1.60 - - 2.80 | 3.00 3.50 3.50 
52 a be 7 3 2.64 | 2.70 | — ~ 
67 - _ - _ 2.71 | 2.8 | <- _ 
156 _ ~ —- _ 2.53 | 2.83 - ~ 





* Tests of material by physicochemical and biological methods indicated that it 
contained 85 to 90 per cent of pure crystalline Ds. 

ft u.s.p. reference oil. 

t Vitamin D preparation. The estimated potencies are based on the assumption 
that 1 mg. contains 40,000 v.s.p. units. 


case up to 31 months; in other cases only those at room temperature re- 
ceived extensive study. The results are shown in Table VII. 

A comparison of assay data of Tables VI and VII indicates that oily 
solutions are antirachitically less potent in comparison with solutions in 
propylene glycol. It is suggested that either the rancidity of the oil or 
incomplete absorption may explain these differences. 

Milk—Solutions of vitamin D, in propylene glycol were diluted with 
bulked samples of Grade A milk so that each quart bottle on refilling con- 
tained 400 to 2500 units (1.75 to 10 drops of drisdol). The fortified samples 
from a single delivery from a large distributor were stored in the refrigerator 
for periods of time over which the milk would be entirely satisfactory for 
human consumption; ?#.e., up to 8 days. An unopened 8 day-old bottle was 
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used to prepare the oral supplements for each day of the assay. After 
careful correction of all assays, because of the antirachitic value of the milk 


Taste VII 


Effect of Storage under Various Conditions on Stability of Oily Solutions of Vitamins 
Dz and D; 








| Average recalcification values 
(+) 


Length of 














Solvent Vitamin storage Temperature 3. SS a 
R.0.* | Vitamin Dt 
(1 unit) | (1 unit) 
mos. S. 

Corn oil D, 0 | 2.61 2.89 
mo ” 31 40 2.74 2.83 
Sesame oil ” 39 Room | 2.74 | 2.83 
— . | 54 _, | 268 | 2.77 

} aanesteesidinilonlll 
i unit j unit 
Corn oil Ds 0 2.62 | 2.90 
ala ” 12 40 2.62 2.69 
te ‘ 15 40 2.71 2.88 
& as 31 40 2.84 2.93 


* u.s.p. reference oil. 
t Vitamin D preparation. The estimated potencies are based on the assumption 
that 1 mg. contains 40,000 vu.s.P. units. 


Tasie VIII 
Effect of Storage under Various Conditions on Potency of Ertron 


Average recalcification values (+) 


Lot | Duration Temper- § unit 1 unit 14 units 
” of storage ature ———————— — . a adie 
USP. | U.S.P. U.S.P. 
reference Ertron | reference | Ertron | reference | Ertron 
oil | oil | oi | 
a - - —_ |- - -| _ _— - — 
wks. c. 
A) bt — | 1.82 | 2.59 | 2.67 - é 
Bini iQ J - | — | 2.60 | 265 | — - 
A 4 5 _ _ 2.55 2.15 3.00 2.75 
B s | Room — _ 2.75 2.38 - 
pe 11 ae _ _ 2.70 2.22 — - 
e/aAeg tos ~ - 2.75 | 2.25 - | - 
2.75 2.00 _ 2.50 


A int 2B | 38 - = 


per se, no evidence of deterioration of the vitamin D potency of the fortified 


milk was demonstrable. 
A test of the stability of vitamin D, in condensed milk was also made. 
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Samples were fortified in the following manner. 14.5 ounce cans of a well 
known brand of condensed milk were purchased on the openmarket. An 
area on the surface of the cans was sterilized with an antiseptic and punc- 
tured. 0.1 cc. of a propylene glycol solution of vitamin D, in suitable con- 
centration was then added to the contents of each can in order to bring the 
antirachitic value up to 500 v.s.p. units per can. All cans were then 
resealed with solder (air not replaced), and sterilized at 120° for 30 minutes. 
The samples were stored under various temperature conditions as previously 
outlined. The incubator samples (38.0-40.0°) were assayed after 6 months 
storage, and the samples at room temperature at intervals up to 15 months. 
None showed any loss in potency. 




















TaBie IX 
Vitamin D Assays of Additional Samples of Ertron and Vitamins D, and D; 
| ‘ Ertron, No. 997, received Vitamin D» in Vitamin D; in 
Ertron, No. Feb. 21, 1940 oil oil 
1109, received 
USP. - re | June 14, 1940; a ee wee 
ol Ly * ° syye . . . 
stored in ice Incubated at Stored in ice 1 million units vitamin D per 
box |} 38°llmos. | boxilmos. | sche mange ~~ peg stored 
a Per cent |Per cent) \Per cent! |Per cent| |Per cent 
D. | Plus | Plus | oft.v.| Plus | of1.v.| Plus | of1.v.| Plus | of1.v. | Plus | of1.v. 
as values | values | refer- | values refer- | values | refer- | values | refer- | values refer- 
ence oil | | ence oil ence oil ence oil | | ence oil 
-_= ee | me —____—_- — - $$ | —— ———— ' —-— | —_—— 
unils | 
| 
} 2.06 | | | | 
1 | 261 | 2.57 | 95.0 | 1.75 | 37.5 | 2.66 |105.0 | 2,97 | 130.0) 3.00 | 132.5 
1} | 2.97 | 3.03 | | | | | 
= eo = - - i — ee SEES eee 
; | | } | 
% of claim | | 
| - = 
present..... 99.15, 37.5 105.0 130.0 132.5 








Stability of Ertron 

Ertron is a form of activated ergosterol prepared by the Whittier proc- 
ess. An ethereal solution of the activated material is dried on casein 
to obtain the commercial product. Stability tests by biological assays 
were conducted on the capsulated material as purchased. On the basis of 
earlier ultraviolet absorption experiments the activity of this preparation 
diminished 50 per cent or more after storage for 3 months at room tempera- 
ture. The observed antirachitic effects of ertron with time are illustrated 
in Tables VIII and IX. 

The antirachitic potency of different lots of ertron purchased through 
usual channels varied over a range of 75 to 105 per cent of that claimed 
(50,000 units per capsule). 


' Manufactured by the Nutrition Research Laboratories, Chicago. 
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DISCUSSION 


There is nothing to suggest that either vitamin D, or D; in propylene 
glycol shows any change in potency when stored in amber bottles at incu- 
bator temperatures (38.0°) even though sealed in the presence of air. In 
the case of vitamin D2, the tests cover samples aged 53 months; in the case 
of vitamin Ds, they cover samples aged 36 months. Since these conditions 
are as drastic as would ever conceivably be imposed on such pharmaceutical 
products, it may be stated that for all practical purposes the solutions are 
stable. The solutions of these vitamins in corn oil also show no loss in 
potency during 30 months in the incubator. 

On the other hand, ertron, which was satisfactory as to potency relative 
to claims when fresh, frequently shows some deterioration after only 4 
weeks in the refrigerator. During 3 months in the incubator it loses more 
than one-third of its potency. 

Solutions of vitamin D, in propylene glycol do not lose their potency 
when dissolved either in bottled whole milk kept up to 8 days in the re- 
frigerator, or in canned condensed milk stored for 6 months at 40° or for 
periods up to 15 months at room temperature. 

It is alsoapparent from these data that both vitamins D, and D; in the 
crystalline form are more potent than the 40,000 I.v. or v.s.P. units per 
mg. as generally recognized and reviewed by Remp and Marshall (18). 
In general, the reference oil uniformly produces a lesser degree of recalei- 
fication than does the corresponding dose of these vitamins calculated on the 
40,000 units per mg. basis in the rat and in the case of vitamin Ds; in both 
rats and chickens. As calculated from more than 400 separate satisfactory 
assays, it appears that these crystalline vitamins are undervalued in the 
literature by at least 10 and more probably by 15 per cent. 

Every comparative test of the two vitamins shows that they behave 
exactly alike as to potency in the rat, and that whatever potency figure is 
set for the one must be accepted for both. However, preparations of 
vitamin D; are more invariable in their biological characteristics. This 
vitamin should serve admirably as a standard reference preparation, either 
as a crystalline product of uniform chemical and physical characteristics, 
or more conveniently as an oil or propylene glycol solution. Such a prep- 
aration would serve equally well for rat and chicken assays. 

Chemical tests of activated ergosterol or 7-dehydrocholesterol indicated 
that the characteristics of these products when impure, i.e. mixed with 
antirachitically inactive products, were materially less stable than the 
crystalline products with a constant melting point and optical rotation. 


SUMMARY 


Physicochemical studies of the various nitrobenzoic esters of vitamins 
D, and D; indicate that no decomposition is demonstrable after storage at 
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room temperatures for at least 5 years. The stability of crystalline vitamin 
D, or Ds in the presence of air, nitrogen, or CO, is materially less than when 
stored in an evacuated ampule. Vitamin D,, when stored in evacuated 
amber ampules under refrigerator temperatures, undergoes no change in 
its physicochemical characteristics over a storage period up to 9 months. 
Vitamin Ds; in general is somewhat more stable than vitamin D, and no 
definite change is demonstrable after storage under optimal conditions 
for a period of 12 months. 

Solutions of vitamins D, or D; in propylene glycol or vegetable oils retain 
their potency over long periods of time at a temperature of 40°. When 
such solutions are dissolved in milk, the vitamin D potency of the fortified 
milk remains unchanged over periods of time corresponding to the useful- 
ness of the menstruum as a food. 

The data presented indicate that the usually accepted antirachitic value 
of 40,000 v.s.p. units per mg. for calciferol or crystalline vitamin D, and 
crystalline vitamin D; is 10 to 15 per cent low. 
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The value of Zn® as a tracer element in the study of the metabolism 
of zinc was pointed out in Paper I (1). The data recorded here deal 
with the turnover (uptake and loss) of intravenously injected labeled zinc 
in the tissues of mice and dogs. 


EXPERIMENTAL 


The preparation of labeled zinc containing Zn®, as well as the method for 
its measurement, has already been described (1). 

Animals Used; Dogs—Five dogs were injected intravenously with 
labeled zinc prepared as the chloride. At various intervals thereafter the 
animals were anesthetized by means of an intraperitoneal injection of 
nembutal. A cannula was introduced into the carotid artery immediately 
and the animal bled. Whole organs were then removed. In the case of 
bone, a single femur was taken from each dog. Samples of skeletal muscle 
were removed from the thigh. Samples of skin plus hair were obtained 
from the backs of the animals. 

The whole organs or tissues were dried in an electric oven maintained at 
110°. The dried material was then ashed in an electric muffle thermostat- 
ically controlled at 450°, for 12 to 18 hours. The ash was extracted with 
hot concentrated hydrochloric acid, filtered, diluted to volume, and the 
Zn® determined. 18 hours were insufficient for complete ashing of the 
larger amounts of tissue; in these cases the residue was extracted with hot 
concentrated HCl, filtered, and the insoluble portion reashed at the same 
temperature. After two or three ignitions, ashing was usually complete. 
On occasion, however, small amounts of black carbonaceous material re- 
mained ; this was treated with HCI and the residue filtered out. The radio- 
activity of the residue was determined separately. The filtrates obtained 
from repeated ashing were combined and diluted to volume. Determina- 
tion of the Zn® content was made after precipitation of the zine as the 
carbonate (1). 
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The distribution of labeled zinc in blood corpuscles and plasma was de- 
termined in three large dogs. Immediately after withdrawal of blood from 
the external jugular vein, the sample was heparinized and | cc. portions 
transferred to rectangular dishes, 2 X 6 cm., made from aluminum-foil that 
had been lined with lens paper. The remaining blood was centrifuged for 5 
minutes at 3500 r.p.m. and the plasma decanted from the cells. 1 ce. 
samples of both plasma and cells were transferred to small aluminum plates. 
The remaining cells were shaken with approximately twice their volume of 
freshly prepared Ringer’s solution, the pH of which had been previously ad- 
justed to7.4. These cells were again centrifuged and the supernatant layer 
poured off. 1 cc. samples of the washed cells were analyzed for labeled 
zinc. 

Mice—Two series of animals were used. In the first group there were 
twenty-one mice; three or four were sacrificed at each of six time intervals, 
ranging from 45 minutes to 170 hours after intravenous injection of the 
labeled zinc. In the second group three mice were killed at each of the six 
time intervals. 

The mice were sacrificed by rapid decapitation with a pair of surgical 
scissors. The first drop or two of blood from the severed carotid artery 
was discarded, and the next few drops were collected on a clean glass plate. 
This blood was drawn into medicine droppers and approximately 0.1 gm. 
samples weighed out. Since pancreatic tissue in the mouse can be more 
readily seen macroscopically when the circulatory system of the gut is 
intact, a mouse with intact circulation was anesthetized and the pancreas 
exposed. With this preparation as a guide, the pancreatic samples were 
taken from the decapitated animals. Included with the pancreatic tissue 
were the mesentery of the loop of the duodenum, the base of the mesentery, 
and the portion of tissue immediately adjacent to the pylorus. The tissues 
were weighed and uniformly spread over a rectangular piece of blotting 
paper measuring 2 X 6 cm. and wrapped in cellophane. The samples were 
allowed to dry before their radioactivity was determined. With the 
exception of liver, skeletal muscle, skin, and bone, of which only portions 
were taken for analyses, the activity of each whole organ was determined. 


Results 


Plasma and Red Blood Cells—In each of three dogs the contents of Zn® 
in plasma, red blood cells, and whole blood were measured at intervals of 
from 3 minutes to 48 hours after the injection of labeled zinc. A typical re- 
sult is shown in Fig. 1. In the five dogs recorded in Table I, a single blood 
sample was obtained when each animal was sacrificed and the Zn® content 
per cc. of whole blood determined. The deposition of Zn® in whole blood 
of the mouse at various intervals up to 170 hours is shown in Fig. 2. 
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Radiozince is rapidly removed from the plasma of the dog (Fig. 1). At 
the earliest interval, namely 3 minutes after the introduction of the labeled 
zine into the blood stream, each cc. of plasma contained 0.025 per cent of the 
injected Zn®. 30 minutes after the injection each cc. of plasma contained 
less than 0.002 per cent, and in 10 hours the injected radiozine had prac- 
tically disappeared from the plasma. 

The Zn® content per ec. of red blood cells at the 48 hour interval was 
0.0017 per cent in Dog III (Fig. 1), 0.0035 per cent in Dog I, and 0.004 per 
cent in Dog II. These values represent increases above the amounts found 
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Fic. 1. The Zn® content of plasma, red blood cells, and whole blood of Dog III. 
This dog weighed 17.0 kilos and received intravenously 16.3 y of labeled zinc. 


at the Ist hour. Thus each cc. of the washed red blood corpuscles of Dog I 
contained 0.0014 per cent of the injected Zn® at the 50 minute interval; the 
cells of Dog II contained 0.9026 per cent per cc. at the 52 minute interval; 
the cells of Dog III contained 0.0008 per cent per cc. at the 59 minute in- 
terval. No significant differences in the Zn® content of washed and un- 
washed cells were noted at the later intervals. It is probable that the Zn® 
content shown for cells at the very early intervals is higher than their true 
content, since at these times the cells were separated from plasma that con- 
tained more than 25 times as much Zn® as did the corpuscles. At the late 
intervals practically all of the radiozinc found in blood was present in the 
corpuscles. 
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In the five dogs recorded in Table I, the total amount of Zn® contained in 
the blood stream (3 to 170 hours after the injection of the labeled zine) 
represented from 2 to 4 per cent of the administered Zn®, These values 
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Fig. 2. The recovery of intravenously injected labeled zinc in thymus, brain, 
striated muscle, whole blood, and skin of the mouse. Each value is the average of 
three to seven separate determinations on as many animals. The mice weighed 18 
to 23 gm. and each received 0.33 to 1.6 y of labeled zinc. 


were calculated on the assumption that blood constitutes 9 per cent of the 
body weight. 

Liver, Pancreas, and Kidney—The highest concentrations of Zn® were 
found in these tissues (Table I and Fig. 3). At the earliest intervals, 
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namely ? hour and 2 hours after the injection of labeled zinc, 19 to 43 per 
cent of the administered Zn® was found per gm. in each of these three tissues 
of the mouse. A rapid turnover of zinc in these three tissues is suggested by 
the rates at which the tissues acquire as well as lose Zn®. At the 26 hour 
interval, the Zn® content of the liver and kidney of the mouse was reduced 
to about one-half of that found at the 2 hour interval, whereas at 170 hours 
the liver, kidney, and pancreas of the mouse contained 1.8 to 4.0 per cent 
per gm. of the injected Zn®. 

Maximum deposition in these tissues of the dog was observed at the 8 
hour interval (Table I). At this time the liver of the dog contained 0.34 
per cent of the injected Zn® per gm., the kidney 0.21 per cent per gm., and 
the pancreas 0.28 per cent. The rate at which Zn® was lost by these 
tissues in the dog, however, was much slower than in the mouse. 

The whole liver, on account of its size, contained the largest fraction of 
the injected Zn® at the early intervals (Tables I and II). In the dog, the 
whole liver held 38 per cent of the administered Zn® at the 3 hour interval, 
and as late as 24 hours this organ still contained 33 per cent. The 
whole liver of the mouse contained 25 per cent of the injected Zn® at 2 hours 
and 11 per cent at 26 hours. At the late intervals (94 and 170 hours) 
the Zn® content of the dog’s whole liver is exceeded only by the amount 
present in total striated musculature (Table I). 

Gastrointestinal Tract—The stomach, small intestine, and large intestine 
of the mouse showed a rapid deposition of the injected zine (Fig. 4 and 
Table II). At 2 hours, 10 per cent of the administered Zn® was deposited 
in each gm. of stomach, 13 per cent in each gm. of small intestine, and 9 per 
cent per gm. of large intestine. The turnover of Zn® in these tissues is also 
rapid, for at 72 hours their content of the radioisotope of zine was reduced to 
5.4 to 5.9 per cent per gm. 

A more extensive study was made in the dog. The deposition of Zn® 
was determined in the stomach, the cecum plus colon, and in various 
divisions of the small intestine. In four of the five dogs separate determina- 
tions were made for mucosa and muscular layer of the small intestine. 

At the times of examination the dog’s stomach contained 0.029 to 0.043 
per cent of the injected dose per gm. (Table I). 0.032 to 0.084 per cent per 
gm. was found in the muscular part of the small intestine. Little or no 
difference was observed in the Zn® content per gm. of the various quarters of 
the small intestine, but the largest total amount of Zn® was found in the 
first quarter. Appreciable amounts of the Zn® were also found in the 
mucosal layer of the small intestine. The cecum plus large intestine 
contained from 0.036 to 0.076 per cent per gm. at the various intervals. 

The entire gastrointestinal tract of the dog contained 13 per cent of the 
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TaBLe I 
Distribution of Zn in Tissues of Dog after Intravenous Injection of Labeled Zine 


Dog No XI XxX XIII XIV XI 
Weight, kg 4.7 40 3.5 3.8 5.2 
Interval after injection 

of labeled Zn, Ars. 3 8 24 94 170 
Labeled Zn injected, 

mse - 0.00815 0.0130 0.00652 0.00815 0.00815 


Per cent recovery per whole organ (a), per 100 gm. tissue (5) 





Tissue 























(a) | b) a) | (b) a (b) (a) | (0) (a) (b) 
Whole blood* 3.2 | 0.76 2.7. | 0.751.9 | 0.61 4.2 1.2) 4.1 0.88 
Pancreas 2.3 |24 3.1 28 1.2 17 2.0 24 0.69 6.8 
Liver.. 38 «=sdig2—iéd34 34 33 30 «1 12 13.5 |28 
Kidneys (2)......} 3.2 |16 | 3.9 (21 2.5 14 1.3 |7.3 0.90 | 36 
Stomach. . 0.88 | 2.9/1.3 | 3.7 | 0.93 | 3.2/1.2 4.30.81 | 2.7 
Small intestine 
Muscle layer 
Istt... 2.3 |8.4/3.2f [it [1.9 | 7.1/1.3 | 6.4 | 0.82 | 3.2 
2nd. ..11.2 | 7.3 | 3.0¢ [12t | 1.0 8.0 | 1.0 6.80.79 3.3 
3rd ..| 0.96 | 7.9 | 2.6f [13f | 0.86 | 7.9 | 0.84 | 6.4/ 0.56 | 3.2 
4th.... 0.81 | 6.4] 1.3¢ | 8.1t) 0.63 | 6.90.98 | 5.6) 0.59 | 3.8 
Average..... 7.5 it | 7.5 6.3 3.4 
Total........] 5.2 10 | (4.5 4.1 2.8 
Intestinal 
mucosa.... 7.2 | 2.8 2.1 nis 
Colon + ceeum../ 0.81 / 3.6/1.1 (6.9/1.2 [66 1.4 (7.6/1.0 (44 
Skeletal muscle§.| 9.5 0.51) 9.6 | 0.60/13 0.92 25 1.7 36 1.8 
Diaphragm.......| 0.088) 0.80, 0.18 | 1.3 / 0.12 | 1.4| 0.22 | 2.2/ 0.13 | 0.86 
Uterus...........| | | 0.45 |9.7| 0.45 |°7.1/ 0.75 10 
Heart....... ....{0.58/2.0!1.1 | 4610.70 |3.1/1.1 | 4.8/ 0.98 | 28 
Femur........... | 1.2] wat | 3.2 2.2 2.0 
Thyroids (2).....| 0.017 5.9 | 0.018 |12 | 0.017 | 6.8 | 0.014 | 3.7 | 0.0052) 1.7 
Adrenals.........| 0.027, 6.4 | 0.054 |10 | 0.038 | 6.1 | 0.025 | 3.9 | 0.014 | 2.5 
Pituitary........| 0.12 | 7.3 | 0.006120 | 0.0021) 6.9 | 0.0020, 6.3 | 0.0020 5.7 
Testes (2)........| 0.068) 0.80 | 0.094 | 1.7 
Ovaries (2).......| | 0.038 | 7.0 | 0.020 | 5.6 | 0.022 | 3.4 | | 
NE es ck ozcs: 0.067, 0.10) 0.36 | 0.63} 0.38 | 0.63, 0.68 | 1.5 | 0.62 | 1.1 
Goel. -cieii. ....} 0.017] 0.17) 0.028 | 0.34) 0.031 | 0.37) 0.044 0.69) 0.053 | 0.63 
Lungs............| 0.63 | 2.5 | 0.73 | 3.4/0.79 |4.0/}1.1 |4.6/0.71 |2.7 | 
Spleen...........| 0.37 | 6.5 | 0.93 [10 | 0.72 |6.8/ 0.60 | 6.8 0.31 | 3.8 
Parotid glands | 
(2).. | 0.17 13.9 | 0.24 | 4.5 | 0.13 .8!/0.11 | 3.5 | 0.075 | 1.7 
Skin and hair.. 0.82 | 0.73 3.5 1.7 
Intestinal lymph | 
nodes.... | 0.07 | 4.3 | 0.076 | 5.5 | 0.061 5.3 | 0.048 | 4.2. 0.064 | 2.3 
Peripheral lymph 
nodes....... 0.24 | 2.9| 0.27 | 5.3/ 0.54 | 9.2/ 0.20 | 5.7/| 0.32 | 2.5 





time of sacri- 


Bile in bladder at 
| | 
fice.. a | 0.04 | 0.07 0.11 0.0 0.03 
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TaBLe I—Concluded 
* Calculated on the basis that blood constitutes 9 per cent of the body weight. 


t Quarters measured by length. 
t The figures so designated represent Zn* recoveries in combined muscular and 


mucosal layers. 
§ Calculated on the basis that muscle constitutes 40 per cent of the body weight. 
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Fic. 3. The recovery of intravenously injected labeled zinc in pancreas, liver, and 
kidney of the mouse. Each value is the average of three to seven separate determina- 
tions on as many animals. 


injected Zn® at the 3 hour interval. At 24 hours this was reduced to 8 per 
cent, but at 170 hours it still contained 5 per cent. In the mouse the 
highest content for the whole gastrointestinal tract was observed at 8 hours 
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after the introduction of the radioisotope; at this time it contained 13 per 
cent of the injected Zn®. At 170 hours it still contained over 2 per cent. 

Muscle—In the mouse the content of Zn® was determined in skeletal 
muscle (Fig. 2) and in heart tissue (Fig. 4 and Table IT), whereas in the dog 
determinations were made in leg muscle, diaphragm, uterus, and heart 
(Table I). The zine turnover of the skeletal muscle of the mouse is rela- 
tively slow. Although 1.1 per cent of the injected Zn® was deposited per 
gm. of skeletal muscle as early as ? hour, the maximum deposited in this 
tissue was only 1.5 per cent per gm., and as late as 170 hours this tissue still 
contained 1.2 per cent per gm. Skeletal muscle in the dog also showed a 


Taste II 
Per Cent of Intravenously Injected Zn®* Recovered per Whole Organ of Mouse 
The mice weighed 17 to 23 gm. Each animal received intravenously from 0.33 to 
1.6 y of zine as the chloride. Each value is the average of three to seven separate 
analyses on as many animals. 





| Time after injection 











0. GS ae oe Sa oc — 
} hr. | 2hrs. 8 hrs. 26 hrs. 72 hrs. 170 hrs. 
Pancreas..... ' 2.0 | 1.7 0.93 0.99 0.52 0.44 
Liver. . 24 | 25 17 11 6.7 3.3 
Kidneys 6.5 | §.2 3.0 1.7 0.98 0.50 
Stomach... ; 0.88 | 1.1 1.0 0.99 0.59 0.37 
Small intestine... 4.5 | 5.8 | §8.4 3.8 2.2 0.96 
eR Sa 1.6 eS | 3.8 2.0 1.1 0.83 
Heart. . 0.38 0.54 | 0.44 0.48 0.29 0.14 
Adrenals.... 0.040 0.040 | 0.026 0.048 0.021 0.011 
Thymus ' 0.064 0.098 | 0.079 0.16 | 0.084 | 0.038 
ae 0.32 | 0.38 | 0.55 0.56 | 0.77 | 0.64 
Lungs 7 0.98 | 1.1 0.97 0.72 | 0.46 0.26 
Spleen....... = ; 0.84 | 1.3 1.9 0.73 | 0.37 0.14 
Lymph nodes...........| 0.40 0.42 | 0.52 0.38 0.38 0.12 


slow turnover of zinc. By 94 hours, 0.017 per cent was deposited per gm. of 
the dog’s gastrocnemius muscle, and at the last interval, namely 170 hours, 
this muscle still contained about the same amount of Zn®. Somewhat 
higher amounts were deposited in the dog’s diaphragm: 0.022 per cent per 
gm. was found in this tissue at the 94 hour interval. 

There is a more rapid turnover of zinc in cardiac than in skeletal muscle. 
Thus at the 2 hour interval, cardiac tissue of the mouse contained 6.5 per 
cent of the administered Zn® per gm.; at the 170 hour interval it still 
contained 1.9 per cent pergm. The amounts of Zn® deposited in the dog’s 
heart per gm. were higher than in its gastrocnemius muscle at all intervals 
noted; at the 94 hour interval the dog’s heart contained 0.048 percent per 
gm., and at 170 hours 0.028 per cent per gm. was still present. 
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If it is assumed that the labeled zinc is uniformly distributed throughout 
the skeletal muscle and that this tissue represents approximately 40 per cent 
of the total body weight, then the total musculature of Dog XTV (94 hours) 


—N\ 





SMALL INTESTINE 
STOMACH 

COLON 

HEART 

BONE 


y 
0®®©®O 





$ 





(PERCENT PER GRAM TISSUE) 


Zn** RECOVERY 
w 


uy) 











02468 PES 40 60 80 100 i20 140 \60 

HOURS AFTER ADMINISTRATION OF LABELED Zn 
Fic. 4. Recovery of intravenously injected labeled zinc in small intestine, 
stomach, colon, heart, and bone of the mouse. Each value is the average of three to 


seven separate determinations on as many animals. 


and Dog XII (170 hours) contained respectively 25 and 36 per cent of the 
administered Zn®. 

The Zn® content of the uterus of three dogs was determined. Values of 
0.07 to 0.10 per cent per gm. were found at 8, 24, and 94 hours. 
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Bone—Zn® was rapidly deposited in the tibia of the mouse (Fig. 4), and 
this tissue continued to increase its content of radiozine throughout the 
period of observation. Thus at 2 hours 5 per cent was deposited per gm. of | 
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Fia. 5. The recovery of intravenously injected labeled zinc in adrenals, spleen, 
lymph nodes, and lungs of the mouse. Each value is the average of three to seven 
separate determinations on as many animals. 


bone, and at the last time interval (170 hours) the radiozine content of this 
tissue had doubled (9.9 per cent per gm.). The retention of radiozine by 
the dog’s femur is shown in Table I. 

Endocrines—The pancreas has been dealt with above. In this section 
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will be considered the thyroid, adrenal, pituitary, and thymus. The most 
rapid turnover in these tissues was observed in the dog’s pituitary (Table 
I). This gland showed an activity roughly similar to that of the kidney. 
The highest and lowest values were 0.20 and 0.057 per cent per gm. 

The highest and lowest values for the Zn® content of the thyroid gland of 
the dog were 0.12 and 0.017 per cent per gm. at the intervals examined 
(Table I). 

In both dog and mouse the whole adrenal gland deposited from 0.01 to 
0.05 per cent of the injected radiozine (TablesI andII). Per gm. this tissue 
is quite active in the mouse; over 9 per cent of the injected Zn® was found 
per gm. of adrenal gland at 2 hours (Fig. 5). The highest concentration of 
Zn® in the dog’s adrenal gland was observed at 8 hours; at this time it con- 
tained 0.10 per cent per gm. (Table I). 

Nervous System—The turnover of zinc in the nervous system of the dog 
and mouse is slow when compared to that in such tissues as liver or kidney. 
As much as 0.015 per cent of the injected Zn® was found per gm. of dog 
brain (Table I), and as much as 1.9 per cent per gm. of mouse brain (Fig. 
2). Less than 1 per cent of the injected radiozinc was deposited in the 
entire brain of these animals (Tables I and IT). 

At the 3 hour interval the Zn® content per gm. of dog liver was over 300 
times that of its brain; at the 24 hour interval the ratio of Zn® content in 
these tissues was 50:1; at the last interval, namely 170 hours, this ratio had 
decreased to 2:1. 

The concentrations of radiozinc in liver and brain of the mouse were com- 
pared at 2,26,and 170 hours. The ratios of Zn® content per gm. of liver to 
gm. of brain found at these three intervals were 25, 8, and 2 respectively. 

Spleen, Lymph Nodes, and Thymus—Spleen and lymph nodes in both 
mice (Fig. 5 and Table II) and dogs (Table I) showed an active zine turn- 
over; in the dog the whole spleen contained about 1 per cent of the injected 
Zn® at the 8 hour interval; at this time the spleen of the mouse contained 
about 2 per cent. 

The maximum deposition of Zn® in the thymus of the mouse was about 4 
per cent per gm. (Fig. 2). In contrast to most of the tissues, however, the 
thymus required 26 hours for this amount to be deposited. 


DISCUSSION 


In both dog and mouse the largest amount of the intravenously injected 
radiozine appeared in the whole liver at the early intervals. The labeled 
Zn was not retained in this organ for long; at the 3 hour interval 38 per cent 
of the radiozine was found in the dog’s liver, whereas only 3.5 per cent was 
present in this organ at the 170 hour interval. The Zn® that disappeared 
from the liver between these two intervals was not entirely lost in bile, 
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urine, and feces. It has been shown elsewhere (1) that in 7 days (168 
hours) 17.5 to 21 per cent of the radiozinc injected intravenously into the 
dog appeared in the urine and feces; less than 0.5 per cent appeared in the 
bile in 7 days.! These observations suggest that the Zn® lost by the liver 
between 3 and 170 hours is deposited in other tissues. 

In contrast to tissues like liver, pancreas, kidney, and spleen (in which 
large amounts of radiozine accumulate early, but much of it rapidly disap- 
pears) several tissues were characterized by either a slow deposition increas- 
ing with time or by maintenance of the small amounts deposited at the early 
intervals. These tissues were blood corpuscles, bone, nervous system, skin, 
and skeletal muscle. 

Keilin and Mann’s discovery that the enzyme carbonic anhydrase is a 
zinc-containing protein established for the first time the physiological im- 
portance of this metal in the animal organism (2). Their finding that 
carbonic anhydrase contains 0.31 to 0.34 per cent zinc and that the total 
zine content of the red blood corpuscles can be accounted for by its presence 
in the enzyme has been confirmed by Hove et al. (3). Scott et al., however, 
obtained more active preparations, the zinc contents of which were 0.15 
to 0.2 per cent (4, 5). The wide-spread distribution of zinc in the animal 
body suggests that zinc is linked in animal tissues with compounds in addi- 
tion to carbonic anhydrase. Thus zinc has been found in purified prepara- 
tions of uricase (6,7). The réle of zinc in the storage of insulin in the pan- 
creas has also been considered (8-10). The zinc content of the pancreas, 
however, is many times the amount necessary to account for its insulin con- 
tent in the form of a zinc salt (9). 

Despite the fact that the above evidence indicates that the physiological 
importance of zinc in the body lies in its association with organic molecules, 
probably protein, it would be premature at present to attempt to explain 
the distribution of radiozine recorded in this investigation by the zinc-con- 
taining compounds identified so far. 


SUMMARY 


The distribution of intravenously injected zine was measured in the tissues 
of the mouse and dog by means of its radioactive isotope (Zn™). This pro- 
cedure permitted the introduction into the blood stream of such small 
amounts as 0.33 to 1.6 y in the mouse and 6.5 to 16.3 y in the dog; these 
amounts did not alter significantly the zinc content of the animals. 

1. Injected radiozine rapidly disappears from the plasma. Measurable 
amounts of Zn® were no longer detectable in the plasma of the dog 10 hours 
after its injection into the blood stream. 

2. Radiozine appeared early in the red blood cells. The Zn® content in 


! Unpublished observations. 
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these cells continued to increase during the entire period of observation 
(170 hours). 

3. At the early intervals maximum deposition occurred in the liver. At 
the 3 hour interval the dog’s liver contained 38 per cent of the injected 
radiozinc. At the 2 hour interval the liver of the mouse contained 25 


per cent. 

4. The most active turnover of radiozine (uptake and loss) was observed 
in the liver, pancreas, kidney, and pituitary gland. The least activity was 
found in red blood cells, brain, skeletal muscle, and skin. The activities of 
spleen, gastrointestinal tract, adrenals, lungs, lymph nodes, bone, heart, and 
thymus were intermediate. 
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STUDIES ON TISSUE WATER 


11. AMACRO MODIFICATION OF THE DISTILLATION METHOD FOR THE 
DETERMINATION OF TISSUE WATER 


By A. T. MILLER, Jr. 


(From the Department of Physiology, School of Medicine, University of North Carolina, 
Chapel Hill) 


(Received for publication, May 6, 1943) 


In a previous paper! the sources of error in the determination of tissue 
water by the oven-drying technique were pointed out, and a distillation 
method which avoids these errors was described. The method consisted 
of reflux distillation of the tissue with toluene, the distilled water falling 
to the bottom of a tube calibrated for volumetric measurement. The 
method was devised primarily for determination of the water content of 
blood and other biological fluids, with samples of 1 ml. or less, and had a 
reproducibility of 0.2 per cent. 

In subsequent work with tissues, in which larger samples were available, 
it was found that more accurate results could be obtained by a gravimetric 
modification of the original method. With the modified method, samples 
of any size may be used, and the receiving tube does not have to be cali- 
brated as in the case of the volumetric tube. Since the details of the 
macromethod, with the exception of the procedure for measuring the water 
recovered, are the same as those for the micromethod, only the technique 
for measuring the recovered water will be described in this paper. 

The receiving tube is shown in Fig. 1. It is made of 25 mm. tubing, to 
the bottom of which is sealed a 2-way stop-cock. The tube is divided into 
an upper and a lower part by a constriction which at the narrowest point 
hasa bore of 3to4mm. A line etched completely around the tube at this 
point is used for reading menisci. The total length of the tube is deter- 
mined by the size of samples to be analyzed. 

The procedure for an analysis is as follows: The distillation flask con- 
taining the sample and about 100 ml. of toluene (containing 4 per cent 
n-amyl! alcohol) is connected to the receiving tube as previously described.' 
The receiving tube is filled from below with mercury to a point just above 
the beginning of the constriction. Toluene is delivered through the top 
of the condenser until it reaches the level of the side arm of the receiving 
tube. The pressure regulator is attached to the top of the condenser and 
the distillation carried out in the manner described for the micromethod. 

After the contents of the receiving tube have cooled to room temperature, 


'Miller, A. T., Jr., J. Biol. Chem., 148, 65 (1942). 
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mercury is delivered from the pipette tip below the stop-cock until the 
junction of the water and mercury is exactly at the etched meniscus. 
Mercury is now delivered into a weighing bottle until the junction betweep 
water and toluene has fallen to the meniscus. A volume of mercury equal 
to the volume of water recovered has now been delivered. The mercury 
is weighed and the weight of water distilled over is calculated by the 
formula W = (Hg V — a+ 6) (D), where W = weight of the water, Hg = 








Fic. 1. Receiving tube with condenser tip in place. A, “No-lub”’ joint between 
condenser and receiving tube; B, drip tip sealed to the bottom of the condenser joint; 
C, toluene level during distillation; D, etched line for reading menisci; EZ, tip for 
delivering mercury into the weighing bottle; F, tip connecting to the mercury leveling 
bulb for adjusting the mercury level in the receiving tube; G, side arm of receiving 
tube; H, standard taper joint to which the distillation flask is attached. 


weight of the mercury, V = volume of | gm. of mercury at the weighing 
temperature (t,.),a@ = correction for the solubility of amy! alcohol in water 
(1 per cent of recovery volume), b = volume correction of the apparatus 
(constant for any given assembly; 0.03 ml. for the apparatus with dimen- 
sions described in this paper); D = relative density of water at t,.. 

The weight of the water recovered divided by the original weight of the 
sample gives the percentage of water by weight in the sample. 

The reproducibility of results naturally increases with the size of the 
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sample used. Blank determinations indicate a reproducibility of 0.07 
per cent with 5 gm. samples and 0.04 per cent with 10 gm. samples. The 
absolute accuracy of the method, the distillation time required for different 
tissues, and general precautions are the same as for the micromethod. 


SUMMARY 


A macro modification of the distillation method for the determination of 
tissue water is described. The water is measured by an indirect gravi- 
metric procedure which eliminates the necessity for volumetric calibration 
of the receiving tube. Samples of any desired size may be used. The 
reproducibility of the method is 0.07 per cent for 5 gm. samples and 0.04 
per cent for 10 gm. samples. Still greater accuracy may be obtained by 
the use of larger samples when practicable. 
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FERRITIN 
IV. OCCURRENCE AND IMMUNOLOGICAL PROPERTIES OF FERRITIN 


By 8. GRANICK 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, March 15, 1943) 


In 1937 Laufberger (1) reported the presence of ferritin not only in the 
spleen of the horse but also to a very slight extent in the liver of the horse. 
Kuhn, Sérensen, and Birkofer, in 1940 (2), then succeeded in finding 
ferritin in the spleen of the dog, cat, and jackal but were unable to isolate 
ferritin from the spleen of the guinea pig, rabbit, or whale. These two 
studies suggested that ferritin might be of wide-spread occurrence. In 
the present paper a report is made on the occurrence of ferritin in various 
animal species including the human, and in a number of different organs. 
Evidence is also presented for the immunological identity of ferritin occur- 
ring in different organs of the same animal, but for its specificity as regards 
the animal species. 


Methods 


In the isolation of ferritin from different species and organs we have 
assumed this iron-protein compound to have the properties of solubility 
and heat stability which characterize horse spleen ferritin. A qualitative 
notion as to the presence, concentration, and solubility of ferritin in CdSO, 
can be obtained by observing the appearance of ferritin crystals in a piece 
of tissue immersed in 10 per cent CdSO, solution under a microscope. 
With a little practice, it is easy to distinguish between tiny crystals and 
brown hemosiderin granules. In the case of human liver material some 
protein interferes with the formation of crystals, so that only small brown 
spheres develop. 

In order to compare the vields of ferritin from animal organs of the same 
species the following procedure was used, which differs in some details from 
the method previously described (3). The fresh tissue was ground with 
1.5 times its weight of water in a Waring blendor, brought to 80°, filtered, 
and, to every 100 ce. of filtrate, 35 gm. of ammonium sulfate were added, 
stirred to dissolve, and the material placed in the ice box overnight. The 
ferritin was crystallized with CdSO,, as described previously (3), except 
that 48 hours were permitted for crystallization. The material was then ° 
recrystallized and after another 48 hours the crystals were centrifuged 
down at a standardized speed in graduated centrifuge tubes. The yields 
are expressed as the number of cc. of twice crystallized ferritin isolated from 
100 gm. of fresh weight of tissue. 
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Ferritin Distribution by Isolation Procedure 


The distribution of ferritin is presented in Table I. Here we have listed 
the species and organs from which we have attempted to isolate ferritin, 
The figures represent the variation in the yield of ferritin observed in a 


TABLE [| 


Ferritin Distribution in Animal Species and Organs As Determined by Isolation 
Procedure 


Organs and tissues examined 


Species 
Spleen Liver ——— Other organs 
Horse ++++ + +++t Testes +,f kidney 0, pancreas 0, 
(0.25-0.025)* brain 0, stomach mucosa 0, 
striated muscle 0, blood plate- 
lets 0, white blood cells 0, red 
blood cells 0, blood serum 0 
Human ++ +++ ++ 
(0.23 -0.006) 
Dog = cons 0 Kidney +, pancreas 0, pituitary 
(0.039-0 .000 ) 0, ovary 0 
Guinea pig + + + 0 Kidney 0, striated muscle 0, in- 
(0.060-0 .015) traperitoneal exudate contain- 
ing neutrophiles and macro- 
phages, induced by casein, 0 
Mouse$ + + Testes +,f kidney 0, pancreas 0, 
| heart muscle 0 
Rat + + ‘Kidney 0 
Pig + + Testes +, kidney 0 
Rabbit + 0 0 Testes +f 
Cat 0 0 Kidney + 


* The figures in parentheses represent the extremes of ferritin found in these 
organs, expressed in terms of the number of cc. of packed, twice crystallized ferritin 
erystals per 100 gm. of the fresh weight of the organ. 1 cc. of packed crystals, dried 
at 110°, weighs approximately 0.40 gm. 

t The ferritin of bone marrow was isolated from the vertebra of a 3 year-old horse 
and from the manubrium of a 15 year-old horse. 

t The crystals obtained from the testes of the horse, mouse, pig, and rabbit are 
always very pale yellow. 

§ The distribution of ferritin in mice with inherited lymphocytic leucemia, which 
were kindly provided by Dr. J. B. Murphy, was identical with that in normal mice. 


number of samples, expressed as the number of ec. of twice crystallized 
ferritin per 100 gm. of fresh weight of tissue, isolated under the conditions 
mentioned above. 

Arranged in the order of decreasing ferritin content the species are horse, 
human, dog, guinea pig, mouse, rat, pig, rabbit, and cat. We have as yet 
been unable to find any ferritin in the tissues of cattle, sheep, deer, chick- 
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ens, or bullfrogs. The organs in which ferritin has been found are the 
spleen, liver, bone marrow, and kidneys. From the testes of the rabbit, 
pig, mouse, and horse, colorless crystals of apoferritin were isolated in 
small yield. 

The variation in the amount of ferritin in the same organ of a species may 
be illustrated with data from normal dog liver and spleen. It will be seen 
from Table II that there is a great variation in the ferritin content of dog 
livers, from less than 0.001 to more than 0.1 ce. of crystals per 100 gm. of 
fresh liver. 

The ferritin crystals of all the species from which they have been isolated 
are optically isotropic (Fig. 1). In the mouse, rat, cat, and pig they appear 


TABLE II 


Ferritin in Dog Livers and Spleens, Expressed in Cc. of Packed, Twice Crystallized 


Ferritin 
Sen Ne. vo of Ferritin in liver Dog No. ‘weight of Penge! all 
spleens 
gm. cc. per 100 em.| cc. per liver gm. ce 
2 287 0.010 0.030 2 60 Trace 
3 250 0.001 0.002 3 20 Absent 
4 410 Trace Trace 4 25 ” 
5 242 0.012 0.030 5-7 60 0.008 
6 250 0.039 0.097 8, 9 30 Trace 
7 215 0.116 0.250 10-12 65 0.008 
8 210 0.000 0.000 
9 260 0.000 0.000 
10 165 0.022 0.036 
11 185 0.032 0.060 
12 220 0.037 0.082 


as octahedra; in the horse as tetrahedra, octahedra, or twinned octahedra; 
in the dog as tetrahedra; in the guinea pig as octahedra and as rectangular 
parallelopipeds; in the human the crystals have rounded edges with a sug- 
gestion of an octahedral form, and those obtained from pig testicles are 
mostly cubes. 

Ultracentrifugation studies of apoferritin by Dr. A. Rothen, to be pub- 
lished later, have revealed that the horse, human, and dog apoferritins 
have approximately the same sedimentation constant and a molecular 
weight around 500,000. It is possible that apoferritin of other species 
will also be found to have the same molecular weight. 


Immunological Reactions of Ferritin 


The question has often arisen whether proteins of one organ are im- 
munologically identical with proteins of another organ from the same 
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animal. The ordinary proteins prepared, say from the liver or spleen, are 
not sufficiently characterized to allow of such comparison. On the other 
hand, such proteins as have been well characterized, as for example pep- 
sin, trypsin, or insulin, appear to be synthesized exclusively by specialized 
cells of single organs. The occurrence of ferritin in a number of different 
organs offers a unique opportunity for testing whether crystalline ferritin 
isolated from one organ is immunologically the same as crystalline ferritin 
isolated from another organ of the same animal. In addition, if such 
identity could be established, the precipitin reaction could be used for 
detecting ferritin in organs in which its content is so low as to make isolation 


difficult. 





Fic. 1. 1, guinea pig liver ferritin, X 250; 2, mouse liver ferritin, X 150; 3, dog liver 
ferritin, X 150; 4, human spleen ferritin, X 150; 5, human liver apoferritin, X 150. 


The antibody against horse spleen apoferritin was prepared by injecting 
into Rabbit 1 at weekly intervals 7, 14, 21, and 28 mg. of apoferritin, re- 
sulting in a serum of low titer. Rabbit 2 was treated similarly except that 
a final injection of horse spleen ferritin, Preparation XII, was given, re- 
sulting in a serum of high titer. 

The apoferritin used had been prepared from ferritin Preparation XII 
by removing the iron according to the procedure previously described (4); 
it was then subjected to two further crystallizations and finally dialyzed. 
Ferritin Preparation XII was a preparation that had been crystallized four 
times and dialyzed. 

The absence of antibodies to horse spleen proteins other than apoferritin 
was examined, since ultracentrifuge studies had shown that horse apo- 
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ferritin contains a persistent protein impurity amounting to about | per 
cent of the total protein, and since ferritin which possibly was even less 
pure had been injected into Rabbit 2. For this purpose 2.0 ce. of serum of 
Rabbit 2 were added to 1.0 cc. of apoferritin (0.7 per cent). An immediate 
heavy turbidity resulted. After 5 minutes the floccules were centrifuged 
down, the floeculent precipitate amounting to about 0.10 ce. An additional 
0.05 ec. of apoferritin was now added to the supernatant, producing only 
a trace of cloudiness. After standing overnight in the ice box the tube was 
centrifuged. The clear supernatant solution resulting was now tested 
against dilutions of clear horse spleen extract and gave no trace of cloudi- 
ness. One may therefore conclude that this rabbit serum is directed 
primarily against apoferritin. 

Tissue extracts for the precipitin test were prepared according to the 
procedure for the isolation of ferritin, which was followed through the 
stage at which the ammonium sulfate precipitate containing the ferritin 
had been centrifuged down. This precipitate was taken up in a small vol- 
ume of water and dialyzed against isotonic saline until only traces of am- 
monium ion could be detected. It was centrifuged and the clear super- 
natant liquid was used for the precipitin tests. 

The precipitin tests were conducted in the usual manner with dilutions 
of the antigen and readings made at appropriate intervals. Only the com- 
parative results are recorded here. Controls were always run with normal 
rabbit serum or with rabbit immune serum directed against sheep cells. 
As was to be expected, the antibodies proved to be equally effective in 
precipitating both ferritin and apoferritin of horse spleen, since the protein 
constituent is identical. The speed of flocculation with ferritin was some- 
what greater than with apoferritin, which may be explained by the greater 
density of ferritin. 

An unexpected result was the relatively strong precipitin reaction given 
by “non-crystallizable ferritin.” The positive precipitin reaction sug- 
gested that ferritin was present in this material and the following method 
was found to permit the isolation of apoferritin as a crystalline Cd salt. 
5 ce. of ‘“‘non-crystallizable ferritin’? were placed in a dialysis sac and sus- 
pended in a test-tube containing 10 cc. of m/30 phosphate buffer of pH 
6.8. A rapid stream of H.-S was bubbled through this outside solution for 


' The “‘non-crystallizable ferritin’ represents the deep brown soluble material in 
the mother liquor resulting from the crystallization of ferritin with CdSO,. The 
brown constituents were concentrated by precipitating with 30 gm. of ammonium 
sulfate per 100 ce. of liquid, dialyzing, and discarding an insoluble brown residue. 
This concentrated, soluble brown liquid gives no precipitate with CdSO, but has a 
percentage composition not far different from crystallizable ferritin ((3) Table III, 
Preparation VII). 
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3 minutes, the pH remaining above 6, and the solution becoming black 
owing to the formation of FeS. The tube was then stoppered; after 6 
hours the sac was removed and dialyzed against distilled water overnight, 
The contents of the sac were transferred to a centrifuge tube, 50 mg. of 
ammonium sulfate were added, producing a coagulation of FeS and of 
protein impurities, and the tube was finally centrifuged. A dark gray 
supernatant solution resulted which on the addition of 4 cc. of 10 per cent 
CdS0O, produced pale greenish crystals of apoferritin in a quantity sufficient 
to account for the strength of the precipitin reaction in ‘“‘non-crystallizable 
ferritin.” The greenish color of the crystals is probably due to the inclu- 
sion of small amounts of iron sulfide in the crystal lattice. 

The ferritin crystals isolated from the spleen and vertebral bone marrow 
of the horse are identical in crystal shape, optical properties, solubility, and 
heat stability. In the precipitin test they were also found to be immuno- 
logically indistinguishable. The relative degree of the precipitin reaction 
given by extracts of spleen and marrow was also found to be in accord with 
that expected from the quantities of crystalline ferritin that could be iso- 
lated from these tissues. On the basis of the precipitin reaction attempts 
were made to isolate ferritin or apoferritin crystals from the liver, testes, 
kidneys, and pancreas. Isolation of crystalline material has been success- 
ful in the case of the testicles and the liver. The crystals from these 
organs were not deep brown but rather pale yellow. 

The isolation of ferritin from so many organs suggested that ferritin 
might have been transported to these organs by the blood stream. How- 
ever, no trace of ferritin could be demonstrated in the red or white blood 
cells or blood plasma, although various methods of isolation, fractionation, 
and concentration were tried on large quantities of these materials. Dr. 
Rothen called our attention to a protein of horse serum which constitutes 
about 1 per cent of the globulin and has almost the same sedimentation 
constant as apoferritin itself. This protein was isolated but did not prove 
to be apoferritin, since it failed to crystallize out with CdSO, and gave no 
precipitin reaction with the antibody. 

The organs of the horse listed in the order of their decreasing ferritin 
content per gm. of moist weight, according to the precipitin test, are 
spleen, bone marrow, liver, testicles, kidney, adrenal, pancreas, ovary, 
and lymph nodes. No ferritin was detected in the blood, striated musele, 
pituitary, or stomach mucosa. 

To determine whether an -antibody against horse apoferritin would 
react with ferritin from other species we have tested crystalline dog and 
crystalline human apoferritin against the antiserum to horse spleen apo- 
ferritin. The dog apoferritin gave a weak precipitin reaction with the 
horse antibody but the human apoferritin gave no reaction. One may 
conclude therefore that horse apoferritin is species-specific. 
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Bleeding in Relation to Iron and Ferritin Content of Horse Spleen 


“Normal” horse spleens, obtained from an abattoir, are dark brown 
in color, owing in part to the high content of ferritin, ‘‘non-crystallizable 
ferritin,’ and to the presence of a large number of hemosiderin granules. 
Spleens from horses that have been bled extensively for serum production* 
are bright red in color and have only about one-tenth as much ferritin as 
the “normal.’’ Our experience with the appearance and ferritin content 
has been derived from handling some thirty ‘‘normal’’ and seven “‘bled”’ 
spleens. The data presented in Table III illustrate these differences. 


Tasie III 
Comparison of Spleen of ‘‘Normal’’ and of “ Bled’’ Horses 


Packed | 
| ferritin | Fein 
Source of spleen | oe of | Hemosiderin granules per poured ecelahe 
weight of |° spleen 
spleen 
| | cc. 
Normal horse, 16+ yrs. | Dark red-brown | Abundantly pres- | 1.0 1.81 
old, 2 , No. 1128 ent; dense ap- 
pearance 
“Bled” horse, 18+ yrs. | Bright red Present in traces 0.10 0.84 
old, last bleeding 3 
mos. before, o, No. 
972 
“Bled”’ horse, 23+ yrs. | Dark brown | Abundantly pres- | 1.0 2.10 
old, last bleeding 17 ent; granules 
mos. before, co’, No. somewhat trans- 
763 parent 
“Normal’’ horse, 3 yrs. vi " Abundantly pres- 0.80 
old | ent 





From these data it would appear that extensive bleeding lowers the fer- 
ritin, hemosiderin, and total iron content of horse spleen. This suggests 
that the iron of ferritin and of hemosiderin is utilized in hemoglobin produc- 
tion. The work of Cruz, Hahn, and Bale (5) on radioactive iron has shown 
that the iron of broken-down erythrocytes is very rapidly utilized in new 
hemoglobin formation. It is probable that there is some equilibrium be- 
tween this iron and the storage iron present in ferritin and hemosiderin. 
A great demand for iron in hemoglobin production, as in the bled horse, 


* The author wishes to thank Dr. J. Freund of the Research and Antitoxin Labora- 
tory at Otisville, New York, for his very kind cooperation in obtaining various organs 
and horse serum for us from his laboratory. According to Dr. Freund, horses for 
serum production are bled every 3 weeks, usually 7.5 liters of blood being taken at 
one bleeding. 
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TaBLe IV 


Ferritin Content of Human Liver and Spleen in Terms of Ce. of Packed Crystals 


: Weight Weight 
auasets Condition* of Ferritin of spleen of 
ae spleen liver 
cc. per 


100 em. cc. per organ gm. 


10651 Rheumatic heart disease, | 160 0.013 0.021 1100 
congestive failure; M., 


54 
10652 | Essential hypertension; 220 0.033 0.074 1590 
M., 41 
10653 | Intrapartum death; F. 15 Trace 220 
10655 | Leucemia, subacute, 255 0.00 1840 


| lymphoid; M., 43 
10656 | Coronary occlusion, post- | 110 0.015 0.017 1600 
operative inguinal her- 
nia; M., 76 


10660 | Congenital heart disease; 24 0.000 Notrace | 290 
M., 1 
10664 | Born dead (twin); M. 98 
10673 | Mesenteric thrombosis; F.,| 120 0.005 0.006 
58 


10674 Carcinoma of bladder, | 160 (0.028 0.045 1260 
postoperative shock; M..,| 


62 
10677 | Carcinoma of bladder, | 130 (0.100 0.13 + | 2000 
postoperative hema- 


turia, dysuria; M., 44 
10682 | Hypertensive heart, car- | 190 (0.096 0.18 1530 
| diovascular disease; M., 
| &4 
10689 | Respiratory failure, post- | 170 0.010 0.017 1350 
| operative brain tumor; | 
| M., 51 
10691 | Benign tumor of skull; | 210 0.001 0.002 1700 
M., 30 
10693 | Enterocolitis, circulatory 
| failure; M., 3 mos. 


10694 | Cerebral hemorrhage; M.., 90 0.006 0.006 1360 
| 87 

10696 | Subdural abscess; M., 39 200 0.11 0.22 2130 

10699 Monocytic leucemia, sub 320 0.10 0.32 | 1990 


acute; F., 31 

10700 Essential hypertension, 140 0.051 0.071 1800 
cerebral vascular acci- 
dent; M., 37 

10702 Arteriosclerotic hyperten-| 210 0.058 0.121 2400 
sive heart; M., 83 


Ferritin of liver 


cc. per 





100 gm. cc. per organ 


0.018 


0.074 


0.028 


0.0006 


0.017 


0.000 


§ 0.11 


0.12 


0.037 


0.080 


0.006 


0.036 | 


0.067 


0.194 


0.20 


1.28 


0.063 


0.011 


0.27 


No trace 


0.11 


0.08 


0.61 


4.67 
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p= Weight Weight 
Ameo Condition* oO | Ferritin of spleen oO Ferritin of liver 
No. spleen liver 
‘ —_|— — 
gm. | 100 ol cc. per organ om. 100 gen | ce. per organ 


10704 | Cirrhosis of liver, aleo- 200 0.022 0.044 1450 0.011 | 0.161 
holic; fatal gastric 
hemorrhage; 2. trans- 
fusions; M., 48 

10709 | Acute lymphatic leucemia,, 700 0.111 0.78 2100 (0.375 7.87 
infiltration into various 
organs; 4 transfusions; 


F., 64 
10710 Rheumatic heart disease; 80 0.0024 0.002 1150 0.104 1.2 
F., 41 
10714 Rheumatic heart disease; | 210 0.000 1200 0.0065 0.077 
F., 31 





*M., male; F., female; all subjects white. The figure represents age in years 
except as noted. 


would lead to a decrease in the level of ferritin and hemosiderin iron. As 
for the specific protein apoferritin, its decrease in the bled animal might 
reflect either a specific drain in connection with the formation of globin 
and plasma proteins, or might be part of the general drain of protein mate- 
rials in connection with their formation. A factor possibly suggestive of a 
more direct réle played by the specific protein apoferritin in blood metabo- 
lism is its relatively high concentration as ferritin in the red bone marrow. 
For example, the marrow of a normal 3 year-old horse contained about one- 
fifth of the ferritin content of this horse’s spleen per unit of press-juice. 


Ferritin in Human 


An investigation of human material* was undertaken to study the dis- 
tribution of ferritin in normal cases and to see whether the abnormal cases 
would suggest any possible function for ferritin. In the human, ferritin 
was found in the spleen, liver, and bone marrow. Other tissues have not 
yet been examined for ferritin. Ferritin obtained from humans is difficult 
to purify, as evidenced by the rounded edges of the crystals even after 
several recrystallizations, and by ultracentrifuge data on apoferritin. 
Human apoferritin (Fig. 1) was crystallized with CdSQO, in the presence 
of acetate buffer of pH 4.1 (ionic strength 0.02). It can be converted 
back into ferritin by crystallizing with CdSO, in the presence of the “non- 


* The autopsy material was provided us through the courtesy of Dr. W. Dock of the 
Department of Pathology, Cornell University Medical College. 
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erystallizable ferritin” fraction of the human, or in the presence of the 
‘“non-crystallizable ferritin” fraction of the horse. 

The apoferritin of humans has a sedimentation constant differing little 
from that of horse and dog, with a probable molecular weight around 
500,000. A comparison of the content of ferritin crystals (Table IV) jy 
spleen and liver indicates that, per unit weight of tissue, liver contains 
more ferritin than spleen. When one considers the total amount of fer. 
ritin in spleen and liver, it may be said that the amount of ferritin in spleen 
is negligible in comparison with that in the whole liver. When the fer. 
ritin content of possibly normal spleen and liver organs (7.e. in cases of 
rheumatic heart disease, hypertension, carcinoma of the bladder, and 
skull tumors) was averaged, the ferritin isolated was 0.037 cc. of packed 
ferritin crystals per 100 gm. of spleen (the extremes being 0.000 and 0.110) 
and for 100 gm. of liver it was 0.067 cc. (extremes, 0.006 and 0.230). 

The lowest value of ferritin was obtained in a case of lymphoid leucemia 
which had followed an acute reaction to arsphenamine. The highest values 
for ferritin were obtained from a case of monocytic leucemia and one of 
lymphocytic leucemia in which storage of iron was relatively high, prob- 
ably due to the inability of bone marrow to function. Ina case of cirrhotic 
liver, the crystals obtained were almost colorless, in contrast to the usual 
deep brown color in all other cases. On analysis they proved to contain 
only 5 per cent Fe instead of the usual 23 per cent Fe. It is possible that 
in liver cirrhosis the iron released from degenerating hemoglobin could not 
reach the liver directly, where it would customarily be taken up and held 
by the apoferritin in the cells. 


SUMMARY 


Ferritin has been crystallized from a number of species and organs and 
may be considered to be rather widely distributed among mammals. The 
species from which it has been isolated are, in the order of decreasing fern- 
tin content, horse, human, dog, guinea pig, mouse, rat, pig, rabbit, and eat. 
The organs from which it has been isolated are spleen, liver, bone marrow, 
kidney, and testicle. From testicles, crystals are obtained which are pale 
and contain little or no iron. There appears to be a wide individual varia- 
tion in ferritin content of an organ of a given species. The crystals of all 
the species from which they have been obtained belong to the cubic system. 
Analyses of the ferritin content of the spleens and livers of a number of 
human cases are also given. 

An antibody against horse spleen apoferritin has been produced in the 
rabbit. With the precipitin reaction it has been found possible to establish 
that protein crystals of ferritin obtained from one organ are immunologi- 
cally identical with ferritin crystals obtained from another organ. The 
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precipitin reaction has also been used as a sensitive test for the detection 
of apoferritin in various organs of the horse. The organs, listed in the 
order of their decreasing apoferritin content, are spleen, bone marrow, liver, 
testicle, kidney, adrenal, pancreas, ovary, and lymph node. No apo- 
ferritin could be detected in blood, striated muscle, pituitary, or stomach 
mucosa. Horse apoferritin antibody reacts slightly with dog apoferritin 
but not with human apoferritin. 

Spleens from normal horses have a relatively high content of ferritin, 
‘non-crystallizable ferritin,’ and hemosiderin. Those obtained from 
horses which were bled frequently contain relatively low amounts of these 
materials, indicating a reutilization for blood production not only of the 
jron but of the apoferritin as well. 


The author desires to express his gratitude to Dr. L. Michaelis for his 
suggestions and advice in these investigations. 
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In 1930, Best and McHenry (1) showed that oxygen is necessary for the 
destruction of the biological activity of histamine by histaminase, and 2 
years later McHenry and Gavin (2) concluded that 1 molecule of ammonia 
is liberated for every molecule of histamine broken down. Attempts made . 
by Gebauer-Fulnegg and Alt (3) to find a simple stoichiometric relationship 
between the amounts of oxygen utilized and of histamine inactivated were 
unsuccessful, but, in 1938, Zeller (4) reported the absorption of 4 to 8 atoms 
of oxygen per molecule of histamine destroyed. In the following year 
Zeller, Schar, and Staehlin (5) demonstrated that the biological inactivation 
of histamine occurred when 1 atom of oxygen was consumed, though their 
experimental data showed that nearly 2 atoms of oxygen were used in the 
oxidative deamination. According to Zeller (4), histaminase catalyzes the 
following reaction. 


— R-CHO + NH; + H,0, 





R-CH,NH, + O: + H,O 


The extra oxygen absorbed was assumed by Zeller to be due to the further 
oxidation of the products of the initial reaction. Kiese (6) found that with 
partially purified extracts of the enzyme approximately 1 atom of oxygen 
per molecule of histamine was consumed; with less pure extracts, however, 
2atoms were absorbed per molecule of histamine. More recently, Laskow- 
ski (7) has reported that the amount of oxygen utilized and the rate of 
oxygen uptake varied considerably with the purity of the histaminase; his 
purest preparations catalyzed the consumption of 1 atom of oxygen per 
molecule of histamine. 


histami 
uistaminase | R-CH=NH + H.O. 


R-CH,NH: + O, 
| + H,O | + catalase 
' OH H,O + 40, 
R-CH 
| NH, 


R-CHO + NH; 
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The present communication is concerned with a quantitative study of the 
mechanism of the reaction caused by histaminase when it acts upon hist. 
mine, putrescine, and cadaverine. It will be shown that 1 molecule of 
ammonia is liberated, 1 molecule of aldehyde is formed, and 1 atom of 
oxygen is utilized per molecule of diamine attacked. Evidence that hydro. 
gen peroxide is probably formed by the system is also included. The whole 
series of reactions may be represented in the accompanying diagram. 

EXPERIMENTAL 

Purification of Histaminase—In order to compare the histaminase content 
of tissues and of extracts of tissues, it is desirable to adopt a standard unit 
of activity based upon the amount of substrate destroyed under carefully 
controlled conditions. The unit of histaminase activity arbitrarily adopted 
is the amount of enzyme necessary to catalyze the consumption of 1 micro- 
liter of oxygen in 10 minutes, at pH 7.0 and at 37.5°, in a solution containing 
0.1 M ammonium ion and 1 mm histamine, a concentration found to be 
optimal for small amounts of the enzyme. This unit is equivalent to 1.4 of 
the units established by Best and McHenry (1). All measurements of 
oxygen consumption were made with the Barcroft-Warburg apparatus. 

The most reliable source of histaminase is hog kidney cortex which con- 
tains approximately 150 units of the enzyme per gm. of protein. The active 
material was extracted from the finely minced cortical tissue of four kidneys 
with 4 liters of dilute phosphate buffer at pH 7.2. After the removal of 
inert matter by filtration through cloth, the enzyme was precipitated com- 
pletely by bringing the extract to 0.5 saturation with ammonium sulfate. 
A relatively stable powder was prepared by drying this precipitate after 
most of the ammonium sulfate had been removed by filtration under re- 
duced pressure. The dry powder was extracted with 1 liter of 0.3 saturated 
ammonium sulfate and the enzyme in this extract was precipitated by ad- 
justing it to 0.55 saturation with ammonium sulfate. The resulting precip- 
itate was treated with 250 ml. of 0.38 saturated ammonium sulfate. The 
extract obtained after removal of the insoluble matter was brought to 0.55 
saturation with ammonium sulfate to precipitate the active material. This 
final precipitate, when dissolved in phosphate buffer (pH 7.0), usually con- 
tained about 1900 to 2000 units of histaminase per gm. of protein and the 
solution was stable at 5° for at least a week. In the present investigation 
it was not considered desirable to increase the purity of the enzyme beyond 
this point owing to the danger of rapid deterioration in solution. Prepara- 
tions containing 3500 units per gm. of protein were obtained without 
difficulty, but the activity of the enzyme in solution frequently disappeared 
in a day or two. On two occasions the activity was increased to approxi- 
mately 5000 units per gm. of protein by fractionation and precipitation of 
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histaminase extracts by ammonium sulfate. The purest preparations of 
the enzyme were obtained in the fraction soluble in 0.4, but insoluble in 0.6 
saturated ammonium sulfate. These purified extracts were practically 
colorless. 

Relationship between Substrate Concentration and Oxygen Consumption— 
To a preparation of histaminase containing approximately 1000 units per 
gm. of protein, various amounts of histamine were added in order to yield 
final concentrations in the enzyme-substrate mixture ranging from 0.54 to 
10.8mm. All experiments were conducted at pH 7.0 and 37.5°; the result- 
ing oxygen uptake was measured by means of the Barcroft-Warburg appa- 


TaBLe I 
Relationship between Oxygen Consumption and Concentration of Diamine 





Theoretical uptake of 


Concentration of oxygen if 1 atom were 








Substrate aehatuahe 'Total oxygen consumed waed per motecele 
of diamine 
mM microliters | microliters 
Histamine 0.54 10.5 12 
0.68 15.5 | 15 
1.35 30.5 30 
2.70 60.0 60.5 
5.40 132.0 | 121 
10.80 286.0 | 242 
Putrescine 0.65 19.0 16 
1.29 39.0 | 32 
2.58 69.0 64 
Cadaverine 56 14.5 | 14 
1.11 | 27.5 | 27.5 
2.22 60.0 55 








ratus. The relationship between the oxygen absorbed and the amounts of 
either putrescine or cadaverine in the enzyme-substrate mixture was also 
examined. Table I contains a typical set of results from which it is con- 
cluded that 1 atom of oxygen is used per molecule of diamine oxidized. 
However, with higher concentrations of diamine, the duration of the oxida- 
tive process is prolonged and slightly more than 1 atom of oxygen per mole- 
cule of substrate is consumed. The amount of this additional oxygen 
uptake increased with larger amounts of substrate and with the length of 
time required for complete oxygen consumption. 

Experiments were also conducted to correlate the amount of oxygen 
absorbed and the rate of destruction of the biological activity of histamine. 
Isolated guinea pig ileum suspended in Tyrode’s solution at 37.5° was used 
for the physiological assay of the diamine. It was found that the utiliza- 
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tion of at least 1 atom of oxygen per molecule of substrate was necessary for 
the complete disappearance of the contractile effect of histamine. 

Formation of Hydrogen Peroxide—So far it has been impossible to demon- 
strate destruction of a diamine under anaerobic conditions, even in the 
presence of what should be thermodynamically suitable hydrogen acceptors. 
Best and McHenry (1) found that histamine was not inactivated by histam- 
inase in an atmosphere of nitrogen. According to experiments performed 
by Quastel and Wheatley (8) potassium ferricyanide may act as a hydrogen 
acceptor for certain dehydrogenase systems. It was assumed that hydro- 
gen from the substrate reduces the ferricyanide, releasing hydrogen ions 
which react with bicarbonate in the solution, causing an evolution of CO, 
which may be measured manometrically. Similar tests, in which ferricya- 
nide was added to the histaminase-diamine system to play the réle of a 
hydrogen acceptor, yielded negative results. In addition to ferricyanide, 
the ability of the oxidation-reduction dyes 2 ,6-dichlorophenol indophenol, 
methylene blue, and indigo disulfonate (9) to act as hydrogen acceptors 
under anaerobic conditions was tested. None of these dyes, including the 
strongly oxidizing 2,6-dichlorophenol indophenol, changed color after at 
least 1 hour in the presence of a diamine and 20 units of histaminase under 
anaerobic conditions. This dye inhibited the enzyme by approximately 
20 per cent, but the other dyes had very little effect, if any, on the activity 
in air. No deamination of the substrate occurred in the presence of a dye 
and in the absence of oxygen. These experiments suggest that histaminase 
acts upon diamines only in the presence of molecular oxygen. 

If this last statement is true, hydrogen peroxide should be formed during 
the reaction. Since hydrogen peroxide produced in an oxidase-substrate 
system may be utilized in coupled oxidations, several methods designed to 
detect the presence of hydrogen peroxide in an enzyme-substrate mixture 
have been reported in the literature. For example, hemoglobin was con- 
verted to methemoglobin in the presence of the xanthine oxidase system (10) 
and the amino acid oxidase-substrate mixture (11). Keilin and Hartree 
(12) found that the addition of either ethyl alcohol to the xanthine oxidase 
system or p-phenylenediamine to the uricase-uric acid mixture utilized an 
amount of oxygen which was twice that required for the oxidation of the 
substrate, provided a peroxidase was also present. Zeller (13) reported that 
methemoglobin was formed when hemoglobin was added to the histaminase- 
histamine mixture, and also that the presence of ethyl alcohol caused an 
increase in the amount of oxygen consumed. Since the results of the latter 
tests did not seem to be entirely conclusive, attempts were made in this 
laboratory to confirm them. 

In these experiments it was possible to detect methemoglobin spectro- 
scopically after histamine had been oxidized by histaminase in the presence 
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of hemoglobin. In the absence of substrate, the hemoglobin was not oxi- 
dized, but the addition of a small amount of | per cent hydrogen peroxide 
caused the immediate formation of methemoglobin. When a few drops of 
al per cent solution of hydrogen peroxide were mixed with 0.001 m p-phen- 
ylenediamine, no appreciable color change was detected. However, when 
1 ml. of the histaminase extract, which probably contains a factor capable 
of bringing about coupled oxidations, was added to the mixture, the color of 
the solution changed from yellow to dark brown. A similar color change 
was observed when either histamine or putrescine was oxidized by histam- 
inase in the presence of p-phenylenediamine. The increase in oxygen up- 


TaBie II 
Experiments to Illustrate Formation of Hydrogen Peroxide by Histaminase-Diamine 
Reaction 
1 ml. of the enzyme solution + 0.2 ml. of 1m NH,Cl (pH 7) + 0.2 ml, of the diamine 
solution. When the oxidizable material was added, the final volume of the mixture 
was 2.2 ml. 


Oxygen uptake 











Oxidizable material Substrate |_—_—___ . — 

| Without test | With test 

material | material 

microliters | microliters 
NL... <5.cs+ckuaakenereakeun 2 
- meee ENG ee et ee Histamine 41 | 46 
Ethy! alcohol (10 mg.)....... oe si 26 43 
ag oD: i eeteyt Putrescine 71 95 
Resorcinol (0.01 m).......... Kae Histamine 40.5 47 

Benzidine (0.001 “‘)................ m 40.5 72.5 

p-Phenylenediamine (0.001 m). | 0 
90 


" | hay ie Histamine 40.5 


take which occurs when easily oxidizable substances are added to the his- 
taminase-diamine mixture is shown in Table II. 

The extra oxygen consumption observed when other oxidizable sub- 
stances were added to the histaminase-histamine system is most readily 
explained by assuming that hydrogen peroxide, formed during the oxidative 
deamination of histamine, causes a secondary oxidation through the action 
of another enzyme such as peroxidase. Unfortunately, however, no direct 
evidence for the formation of hydrogen peroxide was obtained. 

Formation of Ammonia—McHenry and Gavin (2) and Edlbacher and 
Zeller (14) showed that 1 molecule of ammonia was released per molecule of 
histamine inactivated. In 1935, McHenry and Gavin (15) concluded that 
this ammonia came from the side chain, because a loss in amino nitrogen 
was detected as the reaction proceeded. It was possible to confirm this 
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finding by using a copper-iodometric method for the determination of amino 
nitrogen (16). Typical results are shown in Table IIT. 

If 1 molecule of ammonia were released from the side chain of each mole- 
cule of histamine, the ratio of microliters of NH; to microliters of O2 would 
be 2. Owing to the experimental errors in the methods employed, the ratio 
is actually between | and 2. It shows that in all probability 1 molecule of 
ammonia is split off from the side chain during the breakdown of the dia- 
mine. Zeller (13) reported that 1 molecule of ammonia was liberated per 
atom of oxygen consumed during the oxidation of histamine. 

In order to obtain additional proof of this hypothesis, the relationship 
between the amount of oxygen absorbed and the quantity of ammonia 
formed was investigated more thoroughly. After the oxygen consumption 
was measured, the ammonia content of the reaction mixture in the Barcroft- 
Warburg vessel was determined. An aliquot of the filtrate, obtained after 


Taste III 
Relationship between Loss of Amino Nitrogen and Oxygen Utilized 
25 units of histaminase in 5.0 ml. of 6.7 mm histamine. 


} 





Ammonia liberated; : : J 
Time | Oxygenuptake | Amino nitrogen calculated from loss | _Microliters NHs - 
of amino N | Microliters O: 
| 
hrs. microliters meg. microliters 
0 | 0 0.505 0 
1 106 0.415 144 1.36 


0.186 510 1.89 


2.5 270 


the removal of the proteins in the mixture with zine hydroxide (17), was 
steam-distilled in the presence of sodium borate in a micro-Kjeldahl appara- 
tus. The amount of ammonia was measured by means of an Evelyn 
photoelectric colorimeter after nesslerization of the distillate. For hista- 
mine the ratio of microliters of NH; to microliters of O, obtained from 
twenty-four estimations was 1.58 + 0.15, while for putrescine, with five 
determinations, it was 1.91 + 0.05. The values for putrescine are close to 
theoretical, while those for histamine show that more than 1 atom but less 
than 2 atoms of oxygen were utilized per molecule of ammonia liberated. 
The reason for this discrepancy probably lies in the fact that more secondary 
oxidation occurs in the presence of histamine than with putrescine. This 
phenomenon will be discussed in greater detail later. 

Detection of Aldehyde As Product of Reaction—Edlbacher and Zeller (14) 
obtained a crystalline 2,4-dinitrophenylhydrazone from the histaminase- 
histamine reaction mixture, but were unable to show that it was the hydra- 
zone of imidazole acetaldehyde. In 1940, Zeller, Stern, and Wenk (18) 
reported that aldehyde was produced during the oxidative deamination 
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but they did not establish any satisfactory relationship between the amount 
of aldehyde actually formed and the amount calculated on the basis of 
Zeller’s equation. 

In an effort to confirm and extend the finding of Zeller et al. (18) with 
respect to the formation of aldehyde in the reaction, the following experi- 
ments were carried out. The enzyme-substrate mixtures were first tested 
for the presence of reducing substance before and after oxygen consumption 
had occurred. In every case the reducing power of the mixture, determined 
according to the Hagedorn-Jensen procedure, increased during the course 
of the reaction. The bisulfite method of Clift and Cook (19) for the detec- 
tion of carbonyl compounds was then employed, with certain modifications, 
to determine the increase in aldehyde content of the reaction mixture after 
oxygen had been absorbed. With histamine, the average ratio of atoms of 
oxygen to molecules of aldehyde for ten determinations was 1.11 + 0.15, 
while with putrescine it was 0.98 + 0.05, representing the average of eight 
estimations. From these results it is apparent that 1 molecule of aldehyde 
is formed when 1 atom of oxygen is consumed in the oxidative deamination 
of putrescine. However, the results for histamine show that slightly more 
than 1 atom is utilized per molecule of aldehyde formed. This extra oxy- 
gen uptake is probably due to the oxidation of the product of the reaction. 

DISCUSSION 

Several authors have observed that more than | atom of oxygen is used 
per molecule of histamine in the reaction mixture (4, 6, 7). However, all 
agree that with their purified extracts of histaminase, the ratio of atoms of 
oxygen absorbed to molecules of histamine destroyed is approximately 1. 
In many of the experiments reported in this paper slightly more than 1 atom 
of oxygen was consumed per molecule of diamine attacked by the enzyme. 
This extra oxygen uptake was most apparent in the case of histamine. The 
other diamines investigated, putrescine and cadaverine, usually behaved in 
a manner similar to that shown in the equation given above. 

When a colorimetric diazo test was applied for the imidazole ring, with 
nitrosamine red (20), it was found that after 1 atom of oxygen had been 
consumed per molecule of histamine, the color formed by the product in the 
reaction mixture was approximately the same as that in the control in which 
no oxygen had been used. It appears from this experiment that the imid- 
azole ringis not ruptured by the direct action of histaminase as suggested by 
Best and McHenry (1) but is perhaps oxidized slowly by a coupled oxida- 
tion brought about by hydrogen peroxide in the presence of a factor known 
to exist in tissue extracts (11). This hypothesis is supported by the fact 
that with histamine the total oxygen consumed is usually 10 to 20 per cent 
more than the theoretical amount. It also provides a possible explanation 
for the disappearance of the imidazole ring structure observed in the experi- 
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ments of Best and McHenry (1), because their tests were conducted over 
relatively long periods of time. 

From the work reported in this paper, it is possible to conclude that his- 
taminase, when in the presence of a diamine, ‘‘activates’’ hydrogen from a 
terminal amino group and passes it on to molecular oxygen. The imino 
compound which is assumed to be formed could then take on a molecule of 
water to form an addition compound. Assuming, further, that this com- 
pound is unstable, it would then break down to form | molecule of aldehyde 
and 1 molecule of ammonia. The hydrogen peroxide which is probably 
formed by the combination of substrate hydrogen with molecular oxygen 
is destroyed by a factor such as catalase which always accompanies histam- 
inase in the extracts. Accordingly, only 1 atom rather than 1 molecule of 
oxygen per molecule of histamine is consumed in the reaction. 


SUMMARY 

1. A method is given for the purification of histaminase from hog kidney 
cortex. 

2. When histaminase acts upon | molecule of an aliphatic diamine, 1 
molecule of ammonia is liberated, 1 molecule of aldehyde is formed, and | 
atom of oxygen is utilized. Evidence is presented which suggests that hy- 
drogen peroxide is also formed during the reaction. 


The author wishes to thank Dr. A. M. Wynne and Dr. B. Mendel for 
their kind and helpful assistance in this work. 
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In continuation of our studies on the metabolic processes involved in fur- 
nishing energy to the mammalian sperm cell a study has been made of the 
effect of certain metabolic accelerators. 

Carter (1) has reported that the respiration of rabbit epididymal sperma- 
tozoa may be increased by thyroxine by as much as 200 per cent under 
certain conditions, and has postulated a réle of thyroxine in the maturation 
process of the sperm cell. The work reported here was designed to study 
the mechanism of the action of thyroxine and dinitrophenol, and an experi- 
mental attempt to verify the work of Carter will be reported elsewhere. 

Thyroxine and dinitrophenol (DNP) are both known to stimulate the 
basal metabolic rate but their mechanisms of action are entirely different. 
The symptoms of myxedema are not alleviated by DNP, even though the 
metabolic rate is brought to normal. Neither does DNP accelerate devel- 
opmental processes as does thyroxine (2). DNP has been shown to in- 
crease the oxidative metabolism of tissue slices, resting bacteria, and yeast. 

The effects of thyroxine and DNP on the metabolism of ejaculated bovine 
spermatozoa were investigated by the methods used in previous studies of 
sperm metabolism (3, 4). Ali experiments were carried out at 37° in the 
Warburg apparatus. The thyroxine used was the crystalline product of 
Roche-Organone, Inc.; the DNP was from Eastman. The crystalline 
orthothyroxine (dl-3 ,5-diiodo-4-(3’ , 5’-diiodo-2’-hydroxyphenoxy )-pheny]- 
alanine) was prepared by Dr. Carl Niemann (5). The thyroxine com- 
pounds were dissolved in a minimum amount of dilute NaOH and made up 
to a dilution of 1:2500 (5.15 K 10-* m) with redistilled water. In the final 
sperm suspension in the Warburg flask a concentration of 1:75,000 (1.72 
10° m) was used. No change in pH (glass electrode) of the Ringer-phos- 
phate solution was perceptible on addition of this amount of thyroxine 
solution. 

Results 


Dinitrophenol—The effect of various levels of DNP on the endogenous 
respiration, respiration in the presence of glucose, and aerobic glycolysis of 
* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by a grant from the National 
Committee on Maternal Health, Inc. 
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spermatozoa is shown in Fig. 1. DNP stimulated glycolysis as well as 
respiration in the presence of glucose but inhibited endogenous respiration. 
Maximum stimulation of both aerobic glycolysis and respiration in the 
presence of glucose was obtained with 1.33 K 10-*m DNP. 

As shown in Table I, DNP stimulated both aerobic and anaerobic glycol- 
ysis of bull spermatozoa. In our experience specimens of bull spermatozoa 
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Fic. 1. Effect of various concentrations of DNP on the metabolism of ejaculated 
bull spermatozoa. Zo, = c.mm. of O, per 100 X 10° cells per hour; Z; = lactic acid 
(equivalent to ¢.mm. of CO.) per 100 X 10% cells per hour (3). 














TaBLe | 
Effect of Dinitrophenol on Glycolysis of Bull Spermatozoa 


Ne 





Bull Sample 4 Z1 
Ss Control 20 25 

+ 0.0001 m DNP 44 58 

I Control 11 21 

+ 0.0001 m DNP 26 31 


Semen diluted with an equal volume of Ringer-PO, (pH 6.95), centrifuged, and 
spermatozoa suspended in fresh Ringer-PO,; glucose added to give a final concentra- 
tion of 0.02 mM; incubated at 37°. 


vary a great deal in their exhibition of the ‘Pasteur effect.’ The data in 
Table I include typical results obtained with specimens showing high 
anaerobic glycolysis (relative to aerobic glycolysis) as well as of specimens 
showing nearly equal anaerobic and aerobic glycolysis. In all specimens 
the per cent stimulation obtained by a given concentration of DNP was 
greater under aerobic than under anaerobic conditions. 

The time course of respiration in the presence of glucose and DNP is 
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shown in Fig. 2. In these experiments glucose and DNP solutions were 
tipped from side arms into the Warburg flasks after the stop-cocks had been 
closed. In the presence of glucose only, respiration is linear during the Ist 
hour. When glucose and DNP were added, only a slight stimulation of 
respiration occurred during the first 20 minutes but the rate of oxygen con- 


e.ma.Q. 
@ 





MINUTES 


Fic. 2. Effect of DNP on rate of sperm respiration in presence of glucose. Curve 
A, 0.02 m glucose only; Curve B glucose and 0.00006 mM DNP. 


Tase Il 
Effect of DNP on Sperm Metabolism in Presence of Various Substrates 





Sperm in Ringer-phosphate + ZO, sv | Motility at 2 hrs. 

None 18.7 44 
6.6 X 10-°°> um DNP 7.6 Very few motile 
0.02 m glucose 17.2 19.8 5+ 
Glucose and DNP 39.6 34.3 4+ 
0.02 m lactate 16.1 44 
Lactate and DNP 43.2 2+ 
0.02 mM pyruvate 21.7 5+ 

5 2+ 


Pyruvate and DNP 31 
sumption continued to increase throughout the Ist hour of the experiment. 
From these results it appeared that either DNP penetrated the spermato- 
zoa slowly and that stimulation increased as the concentration of DNP 
within the cell increased or that stimulation of respiration could occur only 
after glycolytic processes had made available substrates for oxidation. To 
check the latter possibility the effect of DNP on sperm respiration in the 
presence of pyruvate and lactate was next studied. The results are shown 
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in Table II. DNP produced the greatest increase in respiration when 
glucose or lactate was present and produced an appreciable increase when 
pyruvate was the substrate. There was no lag period in the stimulation of 
respiration when pyruvate or lactate was present. 

In contrast to its effect on respiration and glycolysis, DNP inhibited 
motility. In the absence of substrates motility was almost completely 
inhibited, especially by higher levels of DNP. In the presence of glucose, 
low concentrations of DNP did not severely inhibit motility but higher 
concentrations of DNP or prolonged contact with this substance was very 
detrimental. 

The reversibility of the effects of DNP is shown in Table III. The meth- 
ods used were those developed in studying the reversibility of the effects 
of metabolic inhibitors on sperm metabolism (4). The inhibition by DNP 


Taste III 


Reversibility of Effects of DNP on Metabolism of Bull Spermatozoa 


ZO» | 3 
Treatment ar 

Endogenous Plus glucose 
(a) Control 17.4 17.7 20.4 
(b) Treated and reversed 13.4 24.4 25.0 
(c) - ** not reversed §.7 20.6 36.7 


(a) Held at room temperature during treatment period; (b) treated with 2.0 X 
10-* m DNP for 47 minutes, then centrifuged, and.the sperm suspended in fresh 
Ringer-phosphate; no DNP in Warburg flask; (c) treated as in (6); 2 X 10-* wm DNP 
in Warburg flask. 


of endogenous respiration and motility was largely reversible after 47 min- 
utes treatment with 0.0002m DNP. After prolonged exposure to DNP the 
stimulation of respiration in the presence of glucose was slight and it was 
further increased by removing the spermatozoa and transferring to fresh 
Ringer-phosphate solution. The stimulation of glycolysis was largely, but 
not completely, reversible. 

Thyroxine—The effect of thyroxine on the metabolism of bull spermato- 
zoa is shown in Table IV. When it was found that thyroxine consistently 
produced an inhibition of respiration, the effect of orthothyroxine, an isomer 
of lower activity, was tested. This compound was supplied by Dr. Carl 
Niemann and has been shown by Boyer, Jensen, and Phillips (6) to have an 
activity (tested on thyroidectomized rats) of about one-fiftieth that of 
thyroxine. It was employed to determine whether the effect of thyroxine 
on sperm metabolism was a general effect of a compound of that type or a 
specific metabolic effect peculiar to thyroxine only. The ortho compound 
did not significantly affect the metabolism of the sperm specimens whose 
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respiration was consistently inhibited and whose glycolysis was consistently 
stimulated by thyroxine. Neither thyroxine nor orthothyroxine had any 
appreciable effect on motility at the concentration tested. According to 
Carter (1) stimulation by thyroxine of the respiration of rabbit epididymal 
spermatozoa is greatest when the pH of the medium is altered from the 
optimum. Table V shows the effect of thyroxine on the endogenous respi- 
ration of bull spermatozoa in media of various pH values. Thyroxine 
inhibited respiration in media of optimum pH (6.8 to 7 (3)) as well as in 
more acid or more alkaline media. 


TaBLe IV 
Effect of Thyroxine on Metabolism of Ejaculated Bull Spermatozoa 


Average deviation from control 








| 
™ 
No. of | ' 
Additions come ZO; 
ee 2 =i | ne gn: 
Endo- | Plus | L 
| genous glucose | 
oa percent | percent | percent per cent y 
Thyroxine 1.7 X 10° M.... 10 | —35.9 —19.6 | +15.5 +10.7 
Orthothyroxine 1.7 X 10-5... 4 —7.7* +0.8 | +0.4 | 


* Duplicate control experiments in separate Warburg flasks checked within 8 per 
cent of each other; hence the difference is not significant. 


TABLE V 
Relation of pH of Suspension Media to Effect of Thyroxine on Sperm Respiration 


Zo, (endogenous) 











pH of medium = eae FT eg Pa te 
Control Plus thyroxine 
6.59 12.7 3.8 
6.78 | 17.6 | 11.1 
7.03 16.1 10.4 


7.22 16.1 12.4 


DISCUSSION 


Ditnitrophenol has long been known to stimulate tissue oxidations both 
in vivo and in vitro. Clifton and Logan (7) have credited DNP with the 
property of preventing assimilation of carbohydrate by resting bacterial 
cells. Burris and Wilson (8) have further shown that DNP will cause 
assimilated carbohydrate to be oxidized by the bacterial cell. The obser- 
vation that in spermatozoa DNP stimulates glycolysis, as well as the oxida- 
tion of various substrates, would seem to indicate that the stimulation is a 
general effect on energy-coupled reactions rather than a specific stimulation 
of fat oxidation, as has been suggested (2). In the ejaculated bull sperm 
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the endogenous respiration is probably the result of lipid oxidation (9); yet 
this respiration is inhibited by DNP (Fig. 1, Table II). The fact that 
DNP decreased the motility of the spermatozoa, while the processes of gly- 
colysis and oxidation are increased, indicates an interference of the energy- 
coupling mechanism with the résult that oxidation and glycolysis run ram- 
pant, while the energy is lost as heat rather than as work. Ronzoni and 
Ehrenfest (10) have found that, in frog muscle, DNP increases the rate of 
disappearance of phosphocreatine, and that the mechanism for resynthesis 
of phosphocreatine is less effective under the influence of DNP. Thyroxine 
depressed respiration and stimulated glycolysis in all specimens of ejacu- 
lated bull spermatozoa examined. The effects apparently are specific for 
this hormone, since the physiologically less active isomer orthothyroxine 
did not significantly affect sperm respiration or glycolysis. 


SUMMARY 


Dinitrophenol (DNP) stimulated glycolysis of ejaculated bull spermato- 
zoa and Os, consumption in the presence of glucose, lactate, and pyruvate, 
but inhibited endogenous respiration. 

Maximum stimulation of both glycolysis and O2 consumption in the 
presence of glucose was obtained with 1.3 X 10-‘m DNP. 

With glucose in the medium there was a lag period before stimulation of 
respiration by DNP occurred. No such lag period occurred with lactate 
or pyruvate as the metabolite. 

DNP inhibited sperm motility. The inhibition was greater (a) in the 
absence of added metabolites than in their presence, (b) with higher concen- 
trations of DNP, and (c) after prolonged contact with the spermatozoa. 

Thyroxine in 1:75,000 dilution (1.72 X 10~ M) inhibited respiration of 
bull spermatozoa and stimulated glycolysis. Orthothyroxine, an isomer 
of low physiological activity, did not significantly affect either glycolysis or 


respiration. 
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Several phenomena have been described as resulting from the effects of 
certain synthetic detergents on protein systems. Anson (1) showed that 
detergents are denaturants. Sreenivasaya and Pirie (15) demonstrated 
that, in the presence of detergents, tobacco mosaic virus dissociated to 
fragments of smaller size. According to Keilin and Hartree (3) the spec- 
trum of cytochrome c is reversibly altered by detergents. Smith (14) 
observed a dissociation of the chlorophyll-protein complex by sodium 
dodecyl sulfate. McMeekin (11) used detergent acids as precipitating 
agents for soluble proteins. The production of fibers from globular pro- 
tein-detergent mixtures has previously been described (10). Obviously it 
is of both theoretical and practical interest to determine the nature of the 
reactions of proteins with detergents. 

The present study is concerned solely with an electrophoretic analysis of 
the reactions of native and denatured egg albumin with detergents of the 
alkylarylsulfonate type. It will be shown that, in addition to the changes 
involved in denaturation of the protein, there is formation of complexes 
between the protein and detergent in solutions alkaline to the isoelectric 
region.' These complexes exhibit well defined electrophoretic boundaries 
whose mobilities lie between those of the protein and detergent. 

The reactions have also been investigated by means of viscosity, diffu- 
sion behavior, streaming birefringence, and x-ray analysis, but the results 
of these studies will be described in a subsequent publication. 


EXPERIMENTAL 


Egg Albumin—Crystalline egg albumin, a representative corpuscular 
protein, was prepared from fresh eggs by the method of Kekwick and 


* Present address, Shell Development Company, Emeryville, California. 

1 Since this manuscript was written, a paper has appeared by Miller and Anders- 
son (12) on the behavior of native and reduced insulin in Duponol solutions 
(aliphatic alcohol sulfates of chain length Cs to C:s). Their results indicate that 
insulin forms complexes with this detergent much in the same manner as egg albu- 
min does with alkylbenzenesulfonates, as found in this investigation. 
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Cannan (4), crystallized twice, dialyzed until salt-free, and stored in the 
cold with merthiolate as a preservative. With appropriate concentrations 
and buffering conditions, the protein gave the correct electrophoretic 
schlieren patterns, mobilities, and diffusion characteristics (5, 7). The 
mobility of the descending boundary of a 1 per cent solution in phosphate 
buffer at pH 6.5 and ionic strength 0.1 was —5.6 XK 10~° sq. em. see. 
volt“. A Tiselius electrophoresis apparatus equipped with the Svensson 
schlieren optical system was employed. 

Heat-denatured albumin was prepared as follows: A 7.5 per cent solution 
of previously crystallized salt-free albumin titrated to pH 8.0 was heated 
in a boiling water bath for 10 minutes. The cooled solution was neu- 
tralized to pH 6.5, diluted with buffer of pH 6.5 to about 2 per cent protein, 
filtered through sintered glass to remove particles, and dialyzed in the cold 
against the buffer. Before electrophoretic analysis, the solutions were 
adjusted to 1 per cent protein with buffer. Several values of mobility were 
obtained which appeared to vary with the amount of aggregation which 
had occurred after denaturation. An average mobility of —6.3 x 10° 
was calculated from the descending boundaries on the heat-denatured 
preparations in which special care had been taken to avoid aggregation 
when the solution was adjusted to pH 6.5. This value of mobility for the 
denatured egg albumin is higher than the value for the native form under 
similar experimental conditions and it appears from further experiments 
that the mobility of the denatured form varies, depending on the pH at 
which the protein was denatured. This is in accordance with the observa- 
tions of Pauli and Weissbrod (13) and of Bull and Neurath (2) on acid-base 
changes in egg albumin following denaturation at various pH values. In 
all probability this accounts for the comparatively large difference in mo- 
bility between native and denatured egg albumin noted, whereas Longs- 
worth (7) found the two only slightly different. In the experiments in 
which detergent was added to the heat-denatured protein, no difficulty was 
experienced in obtaining solutions having uniform properties. 

Alkylbenzenesulfonates—In preliminary studies on the transformation of 
protein systems by detergents to states favorable for fiber spinning, it was 
found that the alkylbenzenesulfonates were among the most effective. 
Among the alkylbenzenesulfonates examined electrophoretically were 
purified sodium dodecylbenzenesulfonate? and decylbenzenesulfonate? and 
two commercial sodium alkylbenzenesulfonate mixtures*: ‘* (Fig. 1). 

Each detergent was dissolved in phosphate buffer at pH 6.5 and w = 0.1. 


? Monsanto Chemical Company. 
* Nacconol N. R. 8. F., National Aniline Division, Allied Chemical and Dye 


Corporation. 
‘ Atlantic Ultrawet (salt-free), Atlantic Refining Company. 
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The alkylbenzenesulfonates were highly purified and essentially free of 
electrolyte impurities. The electrophoretic behaviors were similar for all 





Fic. 1. Electrophoretic diagrams of alkylbenzenesulfonates. Top, decylbenzene- 
sulfonate; middle, dodecylbenzenesulfonate; bottom, technical alkylbenzene- 
sulfonate mixture. The e-boundary and the descending boundary are on the right 
in each diagram. The boundaries on each side of the center in the diagram move 
toward the center. All solutions were at pH 6.5 and 0.1 xu. 





Fic. 2. Electrophoretic diagrams of albumin-alkylbenzenesulfonate mixtures. 
The weight ratios of native and heat-denatured albumin to alkylbenzenesulfonate 
in the mixtures were as follows: top, 90:10 native protein-detergent; second, 60:40 
native protein-detergent; third, 10:90 native protein-detergent; bottom, 90:10 
denatured protein-detergent. The e¢-boundary and the descending boundaries 
are on the right in each diagram. The boundaries on each side of the center in the 
diagram move toward the center. The total protein plus detergent concentration 
was | per cent, pH 6.5, and 0.1 uw. 


samples except for one which showed boundary anomalies. The rates of 
movement of the ascending boundaries were faster than those of the 
descending boundaries and no attempt was made in this investigation to 
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‘raleulate the mobilities for the ascending boundaries. The mobilities of 
the descending boundaries of | per cent solutions under these conditions 
were approximately —20 K 10~° sq. em. sec.' volt’. The effect of varia- 
tion in concentration of detergent from 0.25 to 1.5 per cent and in pH 
from 6.5 to 7.8 showed no detectable difference in the electrophoretic 
behavior. 

Protein-Detergent Systems— Mixtures of the two components were made 
from 1 per cent solutions at pH 6.5 in phosphate buffer of ionic strength 
0.1. The volumes of protein and detergent solutions used in preparing 
the mixtures were varied from 0 to 100 per cent and from 100 to 0 per 
cent, respectively. The ratios in which the solutions were mixed will 
hereafter be referred to as the “mixing” ratios. The mixed solutions 
were allowed to stand at room temperature for at least 12 hours before 
analysis, since preliminary runs indicated that the reaction does not ap- 
proach the final state until after a period of this duration. 

Fig. 2 illustrates the typical boundary patterns found in the electro- 
phoretic analysis of these mixtures. Solutions mixed from native protein 
and detergent in about equal quantities showed only one boundary, indi- 
‘ating a combination of all the protein with all the detergent. The diffu- 
sion constant of the species present in these solutions calculated on the 
basis of diffusion in water at 25° is 5.0 X 10-7 sq. em. per second, whereas 
the corresponding value for egg albumin is 7.8 X 10-7 and for alkylbenzene- 
sulfonate is 11.4 X 10-7. Chemical analysis of the salt-fractionated 
material from these protein-detergent mixtures shows a definite and 
reproducible protein to detergent composition and indicates, as do the 
electrophoretic and diffusion measurements, that a combination occurs 
between the protein and detergent anions, even though the ascending and 
descending boundaries are not mirror images. Mixtures made with a large 
proportion of either native protein or detergent showed two boundaries, 
suggesting that there are limits in the combining capacity of one com- 
ponent for the other. This is confirmed by chemical analysis of salt- 
precipitated material from these solutions, to be described later on in this 
paper. With heat-denatured protein, however, only a single boundary 
was observed in mixtures containing a large proportion of protein. When 
a large proportion of the detergent was mixed with either native or heat- 
denatured protein, a boundary whose mobility corresponded with that of 
free detergent was observed. Even though the patterns of the ascending 
boundaries were in general sharper than the descending boundaries (Fig. 
2), the observed rates of the ascending boundaries were only slightly dif- 
ferent from those of the descending boundaries. 

The mobilities of the descending boundaries, expressed in units of sq. 
em. sec.~' volt~! & 10-, are given in Table I as functions of the mixing 
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ratio. In solutions in which the mixing ratio of native protein to detergent 
was high, the slower of the two boundaries exhibited a mobility only 
slightly different from that of native albumin, and was identified by this 
correlation. Kjeldahl nitrogen analysis of the material recovered from 
the region in the electrophoresis channel between the two descending 
boundaries in the case of the mixture having an excess of protein confirmed 
the mobility measurement by showing the material to be essentially pure 
protein. The material recovered between the two rising boundaries in 
solutions containing a high mixing ratio of detergent to protein showed 
only a trace of nitrogen but was high in sulfur and was therefore practically 


TaBLe I 
Electrophoretic Mobilities of Components in Protein-Detergent System As Function of 
Mixing Ratio 
All experiments were performed in phosphate buffer, wu 0.1, pH 6.5. 


Composition Mobility 
es ante Detergent solution Egg albumin Complex Detergent 
vol. per cent vol. per cent xX 105 x 108 x 108 
0 100 —19.9 
10 | 90 -16.5 | 19.4 
20 80 —16.1 —18.6 
30 70 —15.8 —18.0 
40 60 —14.6 —17.7 
50 50 —13.8 
60 40 —13.0 
70 30 —12.1 
80 20 —6.2 —10.9 
90 10 —6.0 —10.3 


100 0 —5.6 


pure detergent. In cases in which the detergent was present in excess, 
its mobility appeared to decrease with increase of the mixing ratio of pro- 
tein to detergent, suggesting that small amounts of protein might be com- 
bined with the detergent. In the absence of accurate information con- 
cerning the conductivities at points within the electrophoresis cell, it is 
difficult to determine the significance of the phenomenon unless it can be 
ascribed to a further combination of traces of protein with detergent in the 
faster moving boundary. The main protein-detergent complex always 
showed a mobility, the value of which lay between those of the single 
components and varied continuously from one composition to another. 
Analysis of Electrophoretic Data—The following method was employed 
in analyzing the electrophoretic data of the complexes. Empirical con- 
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stants, Kp and Kp, relating area to concentration for the single components, 
were obtained from the data on solutions of pure albumin and detergent. 
It was assumed in calculations of the complex composition that where 
two peaks occur, one represents the protein-detergent complex and the 
other excess of a single component, either protein or detergent as the case 
may be. When the two components were analyzed separately, a significant 
e-boundary (8) was observed with the detergent; on the other hand the 
e-boundary of the dialyzed and diluted 1 per cent egg albumin was small 
enough to be considered negligible for these calculations. Accordingly, in 
order to measure the concentration of detergent, the area of the e-boundary 
was added to the areas due to the detergent and was divided in the same 
proportion as the detergent occurred. The following sample calculations 
illustrate the method used to determine the percentage of protein in the 
complex. 
Case I. Free Albumin—In this case the percentage of albumin in the 
complex was ' 
[Pi 
[PJ + (DJ 


where [P;] is the amount of albumin in the complex and is equal to [P| — 
[P:]. In one experiment [P], the total protein concentration used, was 
0.91 gm. per 100 cc. and [P2], the concentration of free albumin, was 
KpAp, = 0.775 X 0.826 or 0.64 gm. per 100 ce. Therefore the amount of 
combined albumin was 0.91 — 0.64, or 0.27 gm. per 100 ece., but [D,], the 
total concentration of detergent used, was 0.09 gm. per 100 cc. Accord- 
ingly the albumin in the complex was 75.0 per cent. 

Case II. Free Detergent—The percentage of albumin in the complex was 


xX 100 (1) 





[P] 

— ~- X 100 2 
iP) + (Dil rs, 

where [P] is the total concentration of albumin used and where [D,| is the 

concentration of detergent in the complex, or 


, _ An __ 
[DJ = Kl 4 + As i + in) | (3) 


Ap, represents the area of the detergent in the complex peak and A.(Ap,/ 
Ap, + Ap,) is the fraction of the area of the e-boundary corresponding to 
the detergent in the complex. Ap, represents the area under the peak of 
free detergent. In one experiment the total concentration of albumin 
used [P] was 0.1 gm. per 100 ec., all of which was combined with the 
detergent. 60 minutes after the start of electrophoresis the following 


areas were measured in arbitrary planimeter units: «boundary = A, = 
0.281, boundary of the free detergent = Ap, = 0.676, boundary of the 
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complex = Ap,p, = 0.233. The total detergent concentration was 0.90 
gm. per 100 cc., or 0.90/Kp, or 1.062 area units where Kp (determined from 
an analysis of the pure detergent) = 0.847. Therefore the area correspond- 
ing to the detergent in the complex Ap, was 1.062 — 0.281 — 0.676 = 
0.105. To this must be added A.(Ap,/Ap, + Ap,), which is 0.039. The 
percentage of albumin in the complex according to Equation 2 was 45.2. 

The relation of the composition of the complex to the mixing ratio as 
constructed from analysis of the areas is shown in Fig. 3. The data indi- 
cate that, if native protein is used to prepare the solution, a maximum of 
about 75 per cent of protein is present in the complex. With heat-de- 
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Fic. 3. Relation between composition of protein-detergent complexes and the 
mixing ratio. Open circles, calculated from electrophoretic data on native albumin- 
detergent mixtures; squares, calculated from nitrogen analysis of precipitated 
complex; triangles, calculated from electrophoretic patterns of denatured albumin- 
detergent mixtures. 


natured albumin, there was no similar upper limit. Confirmation of these 
conclusions was obtained by nitrogen determinations on complexes salted- 
out of solutions prepared in the same manner. The amount of salt 
necessary to precipitate the complex is considerably less than that required 
to precipitate either the protein or the detergent alone. The correlation 
of the data obtained by two such diverse methods of approach is rather 
conclusive evidence for the interpretation of the reactions.® 


' The character of the precipitate formed when electrolytes are added to these 
mixtures is distinct from that of precipitates of either the protein or detergent alone. 
Aside from being more sensitive to salt, the precipitated complex varies from a 
floccular to a slimy form as the amount of detergent present increases. The precip- 
itate can be drawn into fibers when it contains over 50 per cent detergent. 
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Relation of Mobility Data te Composition—In Fig. 4 the mobilities of the 
protein-detergent complexes are plotted against the mixing ratios of protein 
and detergent and against the patterns calculated from the electrophoretic 
composition of the complex. In solutions made up with excess native 
protein which showed the presence of a free albumin boundary (although 
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Fic. 4. Relation of mobilities of protein-detergent complex to composition. The 
mobility of alkylbenzenesulfonate, —20 X 10-*, is shown at the extreme upper left 
corner; the mobilities of native albumin, —5.6 X 10~, and heat-denatured albumin, 
—6.7 X 10°, are shown below and above, respectively, at the lower right. The same 
seale is used for the mixing ratio and complex composition. Open circles, mobilities 
of complexes versus mixing ratio; solid circles, mobilities of complexes versus com- 
position of complexes; triangles, mobilities of denatured albumin-detergent com- 
plexes versus composition of complexes. The solid circles on the vertical line at 
approximately 75 per cent protein represent complexes of native protein. 


the composition of the complex remained constant at approximately 75 
per cent protein), the mobility of the complex varied with the amount of 
detergent used. Since the percentage composition of the complex remains 
constant, the increase in mobility can be interpreted as indicating a libera- 
tion of ionizable groups resulting from progressive denaturation of the 
combined protein. 
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During electrophoresis of albumin and detergent mixtures, which contain 
relatively more detergent than a 70:30 albumin-detergent mixture, the 
area under the peak of the complex grew smaller coincidentally with a gain 
in the area due to free detergent. With such complexes the mobility value 
at any one time represents an average of the mobilities of the continuously 
yarying complexes up to the time of the measurement. Accordingly there 
is an average value of composition whose mobility corresponds to that 
observed during the entire interval. 

This average composition was estimated graphically from the extra- 
polated curve in which the composition is compared with time. In Fig. 5, 
such a curve for a 20:80 protein-detergent mixture is shown. It is not 
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TIME IN MINUTES 
Fic. 5. Composition of protein-detergent complexes of a 20:80 weight ratio of 
native albumin-detergent mixture at various times during electrophoresis. The 
curve has been drawn to the original mixing ratio. 
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certain that the curve may be extrapolated to the original mixing ratio but 
the error in such an assumption is not significant. The values of the 
average compositions obtained by dividing the areas under the curve by 
the time for 10:90 and 20:80 protein-detergent mixtures are shown in Fig. 4. 
Since the boundaries of free detergent in 30:70 and 40:60 protein-detergent 
mixtures were very small, the corresponding calculations were not at- 
tempted. It is seen that the calculated mobilities of the complexes, within 
limits, parallel their compositions. 

In the experiments just described the total protein-detergent concentra- 
tion was 1 per cent and the pH 6.5. However, this concentration (90: 10 
weight fraction of native protein-detergent mixture) could be increased to 
4 per cent and the pH to 11.8 without significant difference in distribution 
of the components, although there were the expected changes in mobility. 
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DISCUSSION 

The reactions which occur when an alkylbenzenesulfonate is added in 
increasing quantity to a solution of native egg albumin may be described as 
follows: Up to the value of 0.3 weight fraction of detergent a complex is 
formed, the composition of which remains constant at approximately 1 part 
by weight of detergent to about 3 parts by weight of protein, and the excess 
native protein is detected as a separate boundary. 

With heat-denatured protein, however, complexes of continuously 
varying composition are formed throughout the range of 0 to 0.3 weight 
fraction of detergent, since only one boundary is observed under these 
conditions. 

To explain why native albumin in this region reacts with a limited 
amount of detergent, it may be assumed that there is only a definite number 
of reactive groups structurally available. Upon denaturation more reac- 
tive groups are liberated and the protein then reacts in all proportions with 
the detergent. 

With weight fractions of detergent exceeding 0.3 the complexes with 
native or denatured protein are indistinguishable electrophoretically. 
The electrophoretic behavior of egg albumin and alkylbenzenesulfonate 
mixtures is similar to the behavior of mixtures of serum albumin and thy- 
mus nucleic acid on electrophoretic analysis as described by Stenhagen 
and Teorell (16). The interpretation given by Longsworth and Mae- 
Innes (9) of their patterns of ovalbumin-yeast nucleic acid mixtures is 
based on the assumption that a complex is formed that can dissociate both 
reversibly and rapidly. Under this condition the mobility cannot be 
determined by means of electrophoresis alone. In the case of the albumin- 
detergent mixtures, the complexes, after correction for the free detergent, 
have mobilities proportional to their composition, indicating that the union 
of the protein and detergent occurs in such a manner that the ionizable 
groups of both components are additive in their effects on mobility. If 
the mobilities of the complexes were directly proportional to the composi- 
tion of the complexes, then the values for the mobilities should fall on a 
line connecting the mobility of the detergent alone and that of the heat- 
denatured protein. The values found run somewhat higher and this is 
taken to favor the view that additional ionizable groups not exposed in the 
heat-denatured protein are exposed by the action of the detergent. 

The nature of the attractive forces between two negatively charged 
micelles has been discussed (6). Both electrostatic and van der Waals 
forces have been favored as being responsible for such attractions. Since 
the ionizable groups of each component appear to contribute to the net 
charge in the complexes of protein and detergent, the attraction would 
seem to arise from forces other than those contributed by the ionizable 
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groups. This conclusion is substantiated by acid-base-combining capacity 
measurements made on protein-detergent complexes which will be reported 
in a subsequent publication. 


SUMMARY 


The results of electrophoretic analysis of an egg albumin-alkylbenzene- 
sulfonate system permit the following conclusions. 

1. Both native and heat-denatured egg albumin form complexes of well 
defined electrophoretic patterns with alkylbenzenesulfonates in solutions 
alkaline to the protein isoelectric point. 

2. In mixtures containing relatively large amounts of native protein, 
the detergent combines with a maximum of 3 times its weight of protein, 
leaving the excess native albumin free. 

3. When heat-denatured protein is mixed in large amounts with de- 
tergent, there is complete combination in all ratios. 

4. Complexes formed in solutions containing a large amount of deter- 
gent have a correspondingly high detergent content ; however, at least some 
of this detergent is reversibly bound, since dissociation of the detergent 
from the complex occurs during electrophoresis. This phenomenon occurs 
in complexes formed by mixing with either native or denatured albumin. 

5. The protein-detergent complex exhibits an electrophoretic mobility, 
within limits, that is parallel to the composition of the complex. 

6. The protein in the complex exhibits the electrophoretic behavior of 
completely denatured protein, when the fraction of detergent present is 
0.3 or more. 
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XANTHURENIC ACID AND ITS ROLE IN THE TRYPTOPHANE 
METABOLISM OF PYRIDOXINE-DEFICIENT RATS* 
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(From the Division of Poultry Husbandry, College of Agriculture, University of 
California, Berkeley, and the William G. Kerckhoff Laboratories of the 
Biological Sciences, California Institute of Technology, Pasadena) 


(Received for publication, April 2, 1943) 


In a previous publication (1) the isolation of a green pigment frem the 
urine of pyridoxine-deficient rats was described. The green pigment was 
shown to be the product of a reaction between ferric ammonium sulfate or 
other ferric salts and a compound whose nature was unknown. This com- 
pound has now been isolated in crystalline form. It is a yellow pigment and 
has been identified as xanthurenic acid. 

Isolation of Xanthurenic Acid—The xanthurenic acid was isolated from 
the urine of pyridoxine-deficient rats with the help of the paper-packed 
chromatographic column described in a previous publication (1). Cotton 
pulp has been used successfully and can replace the paper pulp. The yel- 
low pigment was lightly adsorbed from rat urine! which had been saturated 
with sodium chloride. The column was washed with saturated sodium 
chloride solution, which carried through most of the urinary constituents 
before the yellow pigment came through. ‘This process was repeated until 
the yellow pigment was obtained in a fair degree of purity. The sodium 
chloride-saturated solution containing the yellow pigment was then con- 
centrated to about one-tenth of its volume and the precipitated sodium 
chloride removed by filtration. At this point, two different procedures 
were employed. 

The solution was further concentrated until, along with sodium chloride, 
the yellow pigment crystallized out in needles which aggregated to form 
rosettes. The crystal form of the yellow pigment is illustrated in Fig. 1. 
The yellow pigment could be separated from the sodium chloride by re- 
erystallization. 

The second procedure consisted of eliminating most of the salt from the 
solution with alcohol and acetone. 2 to 4 volumes of alcohol were added to 
the salt-saturated solution and to this alcoholic solution was added an equal 
volume of acetone. The precipitate was discarded and the filtrate was 


* This work was supported in part by a grant from the American Cyanamid 
Company. 

' Much of the urine from pyridoxine-deficient rats was kindly given to us by the 
Vitab research laboratory, Emeryville, California. 
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evaporated in a vacuum until the yellow pigment crystallized out. It was 
recrystallized from solutions containing small amounts of sodium chloride. 
Attempts to recrystallize the yellow pigment from distilled water failed. 

The yellow pigment differs in many ways from its green iron complex. 
The green pigment is more readily adsorbed on the paper-packed column 
than the yellow pigment, and so far it has not been obtained in the form of 
well defined crystals. The yellow pigment, like the green iron complex, is 
soluble in strong alcoholic solutions and in aleohol-acetone solutions. These 
solubility characteristics have been taken advantage of in the isolation of 
the yellow pigment, as described above. 

Identification of Yellow Pigment As Xanthurenic Acid—The elementary 
analysis of the yellow pigment showed a considerable amount of ash, owing 
to the presence of sodium. To obtain the free acid, the pigment was dis- 
solved in 50 per cent ethyl aleohol and the acid precipitated with 1 ‘ 





Fig. 1. Crystals of the Na salt of xanthurenic acid 


H,SO,. It was purified further by dissolving in warm 50 per cent alcohol, 
adding excess 0.1 N NaOH to form the sodium salt, and filtering off the 
impurities. The acid was reprecipitated with 0.1 N HCl. After two pre- 
cipitations the melting point, 288°, of the substance could not be raised by 
further precipitation. The acid, which is a light yellow pigment, changes 
to yellowish brown in alkaline solution. When an excess of HC] is added, 
the free acid which is precipitated is redissolved, forming a light yellow- 
green solution. If the acid solution is left standing or is warmed, it turns 
nearly colorless. With methyl red it is monobasic; with phenolphthalein, 
dibasic. 

The compound is nearly insoluble in water, slightly soluble in 50 per cent 
alcohol and in dilute HCI, and easily soluble in alkali hydroxides, carbonates, 
and hot dilute HCI. 

The microanalysis gave the following results. 

CioH;NO,. Caleulated. C 58.53, H 3.42, N 6.83 
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The equivalent weight was found by titration to be 103.3. Calculated for 
a dibasic acid of the formula CjoH;NO, = equivalent weight 102.5. 

The analytical data are best explained by assuming that the yellow pig- 
ment is the sodium salt of a monohydroxyquinolinecarboxylic acid with 1 
molecule of water of crystallization or that of a dihydroxyquinolinecarbox- 
ylic acid. 

A search of the literature revealed that recently a similar acid had been 
found by Musajo (2) in urine. This acid is a 4,8-dihydroxyquinoline-2- 
carboxylic acid and was called xanthurenic acid. The properties of this 
xanthurenic acid resemble closely those of our yellow pigment. 

Since it was not possible to obtain a sample of Musajo’s acid and the 
melting points of kynurenic and xanthurenic acids are close together, and 
since other properties are also very similar, it was desirable to carry out 
specific color reactions and prepare the methyl ester for more reliable iden- 
tification. The methyl ester of kynurenic acid melts at 224°, whereas the 
methyl ester of xanthurenic acid melts at 262°. 

Preparation of Methyl Ester of Xanthurenic Acid—The free acid was sus- 
pended in absolute methyl alcohol (3) (25 mg. in 2 cc.). It was heated in a 
water bath at 60° and dry HCl bubbled through it for 3 hours. When the 
esterification was completed, the reaction mixture was cooled for 2 hours in 
ice-salt mixture, centrifuged, and washed twice with cold methyl alcohol. 
The precipitate was taken up in 25 cc. of boiling water and after being 
cooled in ice was neutralized with NaHCO;. It was stirred again and al- 
lowed to stand overnight under refrigeration. The precipitate was re- 
crystallized from hot 50 per cent ethyl aleohol. After three recrystalliza- 
tions, 12.4 mg. of methyl ester were obtained with an approximate yield of 
50 per cent. It crystallized as light yellow, silky needles which melted at 
260-261°. It was dried at 110° and analyzed. 


Cy,HyNO,y. Calculated. C 60.25, H 4.14, N 6.40 
Found. “* 60.32, “‘ 4.25, “ 6.52? 


The foliowing color reactions were carried out with the free acid: (1) Millon’s 
reagent, orange-red color; (2) acetic acid-acetic anhydride and benzene, 
light brown-violet color; (3) freshly synthesized diazobenzosulfonic acid, 
intense red color. 

In order to distinguish between the kynurenic acid and xanthurenic acid, 
reactions were carried out which gave different colors with these two quino- 
linecarboxylic acids (4). (1) FeCl; added in the presence of NaHCO; gave 
an intense green color. This is characteristic of xanthurenic acid, whereas 
kynurenic acid gives no color reaction. (2) Diazobenzosulfonic acid in the 
presence of NaHCO; gave the red color of xanthurenic acid. Again kynu- 


* The authors wish to express their thanks to Dr. G. Oppenheimer for carrying 
out the microanalyses. 
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renic acid did not give this color reaction. (3) Xanthurenic acid evaporated 
with concentrated HCl and KCI1O; turns brown when moistened with NH,, 
Kynurenic acid similarly treated gave a green color. (4) The reaction of 
Kotake and Shichiri (5); the substance was boiled in alcoholic solution 
with phenylhydrazine hydrochloride and sodium carbonate and extracted, 
after being cooled, with ether. On addition of concentrated H2SQ,, after 
removal of the ether, no color reaction was observed, whereas kynurenine 
gives a blue color. 


* 
The yellow compound isolated from the urine of pyridoxine-deficient rats 
must therefore be identical with xanthurenic acid, the formula of which is 
; H 
O 
4 rm 
COOH 
ts oO N 
: H 
? F Relation of Pyridoxine Deficiency to Protein (Tryptophane) Metabolism— 
It Since xanthurenic acid occurs in the urine of pyridoxine-deficient rats and 
it immediately disappears from the urine on addition of pyridoxine to the diet, 
S t it would seem that xanthurenic acid is the result of some sort of metabolic 
} derangement brought about in the rat by inadequate pyridoxine intake. 
: That this metabolic derangement might involve tryptophane metabolism 
: i follows from the work of Musajo (6) who found that on high protein diets 
if rats and rabbits excrete both kynurenic acid and xanthurenic acid in the 
: urine.¥ He suggested that these acids found their origin in tryptophane as 
; follows: 
{ 
kynurenic acid 
‘ 2 
: hd 
r Tryptophane —-- -» kynurenine 
. 
3 xanthurenic acid 
o If, in pyridoxine-deficient rats, xanthurenic acid originated from dietary 
{ tryptophane, the feeding of a tryptophane-deficient diet should result in the 
disappearance of xanthurenic acid from the urine of pyridoxine-deficient 









rats and the addition of tryptophane should cause the reappearance of xan- 
thurenic acid in the urine of such rats. This has in fact been found experi- 
mentally to be the case. 

Pyridoxine-deficient rats were put in metabolism cages* and the presence 
of xanthurenic acid in their urine was established by the production of the 
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* The authors wish to express their thanks to Mrs. Della Parsons for the care 
of the animals used in this work. 
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green color with ferric ammonium sulfate. ‘The casein was then removed 
from their diets and replaced with zein and gelatin, a protein mixture very 
low in tryptophane. The xanthurenic acid disappeared from the rat urine 
infrom 6 to 12 hours. Each rat was then fed 20 mg. daily of l-tryptophane 
and within 6 to 12 hours xanthurenic acid reappeared in their urine. Addi- 
tion of 20 y of pyridoxine* daily to the diet of each rat immediately caused 
the disappearance of xanthurenic acid from the rat urine. 

This experiment was repeated with acid-hydrolyzed casein replacing the 
casein in the pyridoxine-deficient diet. The absence of tryptophane in the 
acid-hydrolyzed casein was established by qualitative tests. The results 
obtained with this tryptophane-deficient diet were identical with those ob- 
tained with the use of zein and gelatin as the tryptophane-deficient proteins. 
This leaves little doubt that the function of pyridoxine is related to trypto- 
phane metabolism. 

These results are in harmony with those of Voris and Moore (7) who 
showed that pyridoxine is related to protein metabolism. They used 
paired rats, one rat of each pair receiving pyridoxine. The pyridoxine-fed 
rat gained more weight than its paired pyridoxine-deficient mate, and the 
gains in weight were exclusively protein, whereas in similar studies with 
thiamine and riboflavin the gains were represented by fat. 

Foy and Cerecedo (8) studied pyridoxine deficiency in rats on diets con- 
taining 15, 30, and 45 per cent casein. At the low level of protein intake, 
little dermatitis developed in 70 days, while at the intermediate level the 
rats developed dermatitis after 30 days. At the highest level of protein 
intake (45 per cent casein) severe dermatitis developed in 26 days followed 
shortly after by death. Apparently high protein (tryptophane?) intake 
seems to increase the severity of the nutritional disorder in rats due to in- 
adequate intake of pyridoxine. Perhaps the excess protein destroys pyri- 
doxine in the rat in some unknown way. Such a phenomenon would 
explain the early appearance of xanthurenic acid in the urine of rats and 
rabbits (6) fed high protein diets. 

Species Differences. -While pyridoxine-deficient rats excrete an abun- 
dance of xanthurenic acid in their urines, pyridoxine-deficient dogs excrete 
very little (9), even when they have become very anemic as a result of the 
deficiency. So far, no xanthurenic acid has been demonstrated in the 
droppings of chicks.’ Wintrobe et al. (10) have reported the occurrence of 
a compound in the urine of pyridoxine-deficient pigs which gives a green 
color with the addition of ferric ammonium sulfate, indicating the presence 
of xanthurenic acid. 


‘ The pyridoxine was generously supplied by Merck and Company, Inc., Rahway, 
New Jersey. 
5 Kratzer, F. H., unpublished results. 
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DISCUSSION 


In the past, three related compounds, namely kynurenic acid, kynurenine, 
and xanthurenic acid, have been isolated from urine as products of protein 
metabolism. Kynurenic acid was first isolated by Liebig (11) in 1853, and 
Ellinger and Matsuoka (12) found it after feeding tryptophane. Kotake 
and Iwao (13) isolated kynurenine as an intermediary product in 
tryptophane metabolism and reported that kynurenine is excreted as a po- 
tassium salt, whereas kynurenic acid is found as a sodium salt. Musajo (2) 
found a compound similar to kynurenic acid in connection with feeding high 
protein diets and named it xanthurenic acid. 

The excretion of kynurenic acid, kynurenine, and xanthurenic acid seems 
to be connected with vitamin deficiencies. Rabbits on a diet of polished 
rice, which is deficient in the vitamin B complex, excrete not only kynurenic 
acid but also kynurenine (13). In this paper it is shown that the urine of 
rats on a diet deficient in pyridoxine contains xanthurenic acid. Whether 
other members of the vitamin B complex are also related to tryptophane 
metabolism remains to be shown. Thus far all that is known is that panto- 
thenic acid-deficient rats do not excrete any xanthurenic acid in their urine. 

The species differences, especially as found with the dog and rat, are of 
interest. Pyridoxine-deficient rats excrete an abundance of xanthurenic 
acid in their urine, but they do not become so severely anemic as pyridoxine- 
deficient dogs (9); yet such dogs excrete but very little xanthurenic acid (9). 
It must follow, therefore, that the metabolism of tryptophane does not 
follow the same pathway in both the rat and the dog. 


SUMMARY 
1. A yellow compound was isolated from the urine of pyridoxine- 
deficient rats. 
2. This yellow compound is shown to be identical with Musajo’s xan- 
thurenic acid, a 4,8-dihydroxyquinoline-2-carboxylic acid. 
3. Xanthurenic acid was shown to originate in dietary tryptophane. 
4. The relation of pyridoxine to tryptophane and protein metabolism has 


been discussed. 
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SERUM PHOSPHORUS CHANGES DURING THE ABSORPTION 
AND METABOLISM OF GLUCOSE, GALACTOSE, 
AND XYLOSE* 


By ALFRED H. FREE ann JACK R. LEONARDS 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland) 
(Received for publication, April 14, 1943) 


Since Fiske (1) first pointed out that the ingestion of sucrose by human 
subjects results in a decrease in the rate of excretion of urinary phosphate, 
many studies have been made of the changes in blood phosphorus after the 
ingestion or injection of glucose (2-9). However, very little attention has 
been paid to the changes in serum phosphorus after ingestion of other 
sugars such as galactose or xylose. Koehler, Rapp, and Hill (10) found 
that ingested lactose caused a decrease in the inorganic phosphate of whole 
blood but McCullagh and MeCullagh (11) attribute this fall to the glucose, 
since in one patient they found galactose to have no effect on serum inor- 
ganic phosphorus. Barrenscheen and coworkers (12) found a small irregu- 
lar decrease in serum inorganic phosphorus after ingestion of 40 gm. of 
galactose by three patients but no effect on the urinary excretion of phos- 
phate was noted in their experiments. 

The following experiments were carried out to obtain further data on the 
relation of serum inorganic phosphate to the absorption and metabolism of 
galactose and xylose in normal human subjects and in normal dogs. 


Methods 


In the ingestion experiments with both humans and dogs 0.6 gm. of the 
sugar per kilo of body weight was administered as a 10 per cent solution. 
The solution was flavored with lemon juice for the oral administration to 
humans and in the studies with dogs the solution was administered by 
stomach tube. In the other experiments the same amount of the sugar in 
a sterile 10 per cent solution was injected intravenously at a uniform rate 
over a period of | hour. This method of gradually administering the sugar 
more nearly simulates the rate at which the sugar enters the blood stream 
from the intestine than if it were rapidly injected. Urine samples were 
collected for 1 hour before the test dose and hourly thereafter except in the 
studies in which galactose was given orally, when the periods were of 90 
minutes duration. A sample of blood was obtained during fasting in all 


* This investigation was supported by a grant from the Williams-Waterman Fund 
of the Research Corporation. Presented before the Division of Biological Chemistry 
of the American Chemical Society at Buffalo, September, 1942. 
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cases and subsequent samples were taken at half hourly periods in the 
human studies and more frequently in the canine experiments. The blood 
samples obtained for analysis during the injection period were from a region 
of the body other than that in which the injection of sugar was being made, 
Glucose was determined in oxalated whole blood by the method of Hage- 
dorn and Jensen (13) following precipitation of the proteins with tungstic 
acid. Galactose and xylose were determined by the same method following 
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Fic. 1. Effect of the oral administration of glucose (0.6 gm. per kilo of body weight) 
to humans on the blood glucose (Curve 1) and serum inorganic phosphorus (Curve 2)- 
The results are averages obtained on eight normal subjects. 

Fic. 2. Effect of the oral and intravenous administration of galactose (0.6 gm. per 
kilo of body weight) to humans on the serum inorganic phosphorus and blood galac- 
tose. Curve | represents blood galactose after the sugar is given intravenously; 
Curve 2, after oral ingestion. Curve 3 represents serum inorganic phosphorus after 
the sugar is given intravenously; Curve 4, after oral ingestion. The results are 
averages obtained on eight normal subjects. 


the removal of glucose from the blood by fermentation with bakers’ yeast 
(14). Serum inorganic phosphate was determined by the method of Fiske 
and Subbarow (15) adapted for use with an Evelyn photoelectric colorim- 
eter. In all cases the results are recorded as mg. of phosphorus per 100 ce. 
of blood serum. The normal human subjects used in this study were all 
male medical students. 

Results 


Fig. 1 shows the average changes in blood glucose and serum inorganic 
phosphorus in eight human subjects after the ingestion of glucose. The 
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changes in blood glucose are typical of those observed in a normal test of 
glucose tolerance. The serum inorganic phosphorus decreased from 3.9 
mg. per 100 cc. to a minimum of 3.3 mg. per 100 cc. at 60 minutes. The 
urinary excretion of phosphorus decreased from an average control value of 
40 mg. per hour before the test to 30 mg. during the Ist hour after glucose 
ingestion and 14 mg. during the 2nd hour. 
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Fic. 3. Effect of the oral and intravenous administration of galactose (0.6 gm. per 
kilo of body weight) to dogs on the serum inorganic phosphorus and blood galactose. 
Curve 1 represents blood galactose after the sugar is given intravenously; Curve 2, 
after ingestion. Curve 3 represents serum inorganic phosphorus after the sugar is 
given intravenously; Curve 4, after ingestion. The results are averages for twelve 
dogs receiving the sugar orally and six intravenously. 

Fic. 4. Effect of the oral and intravenous administration of xylose (0.6 gm. per 
kilo of body weight) to dogs on the serum inorganic phosphorus and blood xylose. 
Curve 1 represents blood xylose after the sugar is given intravenously; Curve 2, after 
ingestion. Curve 3 represents serum inorganic phosphorus after the sugar is given 
intravenously; Curve 4, after ingestion. The results are averages for five dogs 
receiving the sugar orally and two intravenously. 


Fig. 2 shows the average changes in serum inorganic phosphorus and 
blood galactose when the sugar was given both orally and intravenously to 
the same eight subjects who received the glucose in the preceding experi- 
ments. The intravenous administration of galactose gave a somewhat 
higher blood galactose level than did the ingestion of the sugar. Similar 
decreases in serum inorganic phosphorus were obtained following admin- 
istration of the sugar by either route. The urine phosphorus was 51 mg. 
for a 90 minute control period and decreased to 38 mg. for a 90 minute 
period after the ingestion of galactose. When the galactose was admin- 
istered intravenously, there was a similar decrease in the excretion of urine 
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phosphate from 24 mg. per hour in the control period to 14 mg. in the Ist 
hour and 12 mg. in the 2nd hour after the injection was started. Although 
the values given in Fig. 2 represent averages for the whole group, it is sig- 
nificant that in every individual case there was a decrease in serum inor- 
ganic phosphorus and a decrease in urine phosphorus. 

Fig. 3 shows the changes in serum inorganic phosphorus and blood 
galactose following the oral and intravenous administration of galactose to 
normal female dogs. The decrease in serum inorganic phosphorus after the 
ingestion of galactose is somewhat less than after the intravenous admin- 
istration of the sugar. 

The effects of the oral and the intravenous administration of xylose to 
normal dogs are shown in Fig.4. When the xylose was administered orally, 
the level of the blood xylose reached a maximum in 60 minutes, and after 
this time the blood concentration decreased at a much slower rate than with 
galactose. When the sugar was given intravenously, the rate of xylose 
removal from the blood was also slower than that of galactose. The serum 
inorganic phosphorus decreased after the sugar was given by both routes 
but the decrease was somewhat greater after the intravenous administra- 
tion. The maximum decrease occurred at 60 minutes when the sugar was 
given intravenously and at 90 minutes after the oral administration. The 
level of serum phosphorus then increased and attained a higher concentra- 
tion than was present in the original fasting sample. 


DISCUSSION 


It is significant that in all of the forty-one experiments reported a de- 
crease in the serum inorganic phosphate resulted after the administration of 
the sugar. Asa control experiment similar volumes of physiological saline 
were administered both orally and intravenously to dogs and no changes of 
serum inorganic phosphorus resulted. 

During the past two decades in which it has been known that serum 
inorganic phosphorus decreases after sugar ingestion, a vast amount of 
knowledge has accumulated concerning the relationships of phosphorus- 
containing compounds to intermediary carbohydrate metabolism (16-18). 
The principal reasons for the changes in serum phosphorus following the 
administration of sugars are at present obscure. The various possibilities 
that are suggested include the utilization of serum phosphorus in (1) phos- 
phorylation of the sugar during absorption, (2) the formation of liver glyco- 
gen, (3) the formation of muscle glycogen, (4) muscle glycolysis, (5) phos- 
phorylation of sugar during tubular reabsorption in the kidney, and (6) 
excretion of phosphorus in the urine. In the present studies and also as 
observed by other investigators the urinary excretion of phosphorus de- 
creased after the administration of glucose and galactose. This indicates 
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that the level of serum phosphorus governs the urinary excretion rather 
than being dependent on it. It has been suggested that tubular reabsorp- 
tion of sugar in the kidney involves a process of phosphorylation (16, 19). 
In consideration of the effect of tubular reabsorption, we have noted de- 
creases in serum phosphorus after oral and intravenous administration of 
galactose or xylose to a nephrectomized dog, which were similar to the 
decreases observed in normal dogs. In other experiments in which the 
urinary excretion of galactose was markedly increased owing to a liver im- 
pairment there were also similar changes in serum inorganic phosphorus. 
It appears that the process of tubular reabsorption has very little if any 
effect in decreasing serum inorganic phosphorus after carbohydrate ad- 
ministration. 

The experiments in which changes in serum phosphorus were compared 
after oral and intravenous administration were designed to determine 
whether the passage of the sugar across the intestinal mucosa was in any 
way responsible for these changes. The results of the experiments shown 
in Figs. 2 to 4 indicate that the decrease of serum phosphorus tends to be 
greater after intravenous than after oral administration. There are certain 
dissimilarities in rates of administration by oral and intravenous routes that 
cannot be avoided and that might account for the small differences in the 
serum phosphorus curves. However, it appears that the process of the 
absorption of galactose or xylose has no effect on the decrease in serum 
phosphorus. 

In the experiments on humans the decrease in serum phosphorus after 
galactose by either the oral or intravenous route was of the same character 
as the decrease in serum phosphorus after a similar quantity of glucose given 
orally. At the present time the relative réles.of the liver and muscles in 
removal of galactose from the blood are still uncertain. Therefore on the 
basis of our experiments it is impossible to determine by which mechanism 
the serum phosphorus is decreased after administration of the sugar. 

The observation that the administration of xylose results in similar 
decreases in serum phosphorus strongly suggests that it is utilized in a man- 
ner which is similar to that of glucose and galactose. However, since the 
decrease in serum phosphorus is somewhat less after xylose than after 
galactose administration and also since the rate of removal of xylose from 
the blood is slower, it appears that the rate of utilization of xylose is less 
than that of glucose or galactose. Similar observations have been noted in 
anephrectomized dog in which the removal of xylose from the blood must 
have been due to a utilization of the sugar. 


SUMMARY 


1. The changes in blood glucose and serum inorganic phosphorus in eight 
normal human subjects were determined at intervals following the ingestion 
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of 0.6 gm. of glucose per kilo of body weight. Similar studies were carried 
out after oral and intravenous administration of the same quantities of 
galactose. A decrease in serum inorganic phosphorus and urinary excere- 
tion of phosphorus occurred in all of these studies. 

2. Serum inorganic phosphorus decreased following the oral and intra- 
venous administration of 0.6 gm. per kilo of body weight of galactose or 
xylose to normal dogs. 

3. Comparison of the changes of serum phosphorus following the oral and 
intravenous administration of galactose and xylose indicates that the proe- 
ess of intestinal absorption of the sugar does not influence the decrease in 
serum phosphorus. 

1. Indirect evidence is presented to show that xylose is metabolized by 
the dog, although the rate of metabolism is slower than that of glucose or 
galactose. 
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LIVER GLYCOGEN AND LIPIDS IN FASTED AND 
GLUCOSE-FED RATS 


By C.R. TREADWELL, HERBERT C. TIDWELL, ann BARNEY G. GRAPA, Jr. 


(From the Department of Biochemistry, College of Medicine, Baylor University, Dallas) 
(Received for publication, April 19, 1943) 


Deuel and Davis (1) and Treadwell et al. (2) have shown that rats receiv- 
ing a diet high in fat and low in protein and lipotropic factors have a de- 
creased tolerance for glucose. In this laboratory (2), the livers of these 
animals (unfasted) contained significantly greater amounts of glycogen and 
fat than the livers of rats which received a diet high in fat and protein. 
Thus, while the decreased tolerance could not be related to a loss of ability 
by the fatty liver to store glycogen, it was suggested that the excessive lipid 
material present may have affected the rate at which the glycogen was 
stored and removed. MacLean, Ridout, and Best (3) have found that 
there was less glycogen stored in very fatty livers than in the livers of 
choline-fed animals when a certain quantity of sugar was absorbed. 

In the present communication we are reporting the results of experiments 
designed to throw additional light on the relationship of liver glycogen and 
fat to glucose tolerance in animals with fatty livers. In Series A, the 
changes in the levels of glycogen and total lipids in the livers of male rats 
have been followed during fasting and after the administration of a standard 
dose of glucose. The observed changes in the level of glycogen have been 
taken as a measure of the rate of deposition and removal. In Series B, the 
observations were repeated on unfasted females and females fasted 24 hours. 
The effect of three hourly doses of glucose on the liver glycogen was also 
determined. 


Procedure 


The experimental animals of Series A were male rats of the Wistar strain 
obtained from a commercial source. In Series B, female rats of the strain 
maintained at the Scripps Metabolic Clinic' were used. For 1 week after 
arrival in the laboratory the animals received Purina dog chow and dis- 
tilled water ad libitum. The initial weight of the males averaged 123 gm. 
with a range of 110 to 140 gm. The females averaged 151 gm., with a 
range of 130 to 170 gm. During the experimental periods all animals of 
each series received daily the same amount of the diets as was ingested by 
the rat having the lowest food intake the previous day. This procedure 
was adopted to secure a more constant fat and glycogen content of the liver 


' We are indebted to Eaton M. MacKay for the gift of these animals. 
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at the start of the fasting periods. Diet 1 contained 5 per cent casein and 
48 per cent cerelose;? Diet 2, 30 per cent casein and 23 per cent cerelose; 
Diet 5, 5 per cent casein, 1 per cent choline, and 47 per cent cerelose. All 
three diets contained 2 per cent agar, 5 per cent salt mixture (4), and 40 per 
cent lard. Each animal received 1 dried yeast pill (389 mg.) and 2 drops of 
cod liver oil per day. The room temperature was maintained between the 
limits of 23° and 27°. 

Fasting and Glucose Administration—To obtain comparable feeding 
habits and to determine more accurately the start of the fasting periods, the 
food cups were removed from the cages between 2.00 and 2.30 p.m. and 
returned between 4.00 and 4.30 p.m. On the day the fasting periods com- 
menced the cups were not returned to the cages and 4.00 p.m. was consid- 
ered the start of the fast. In Series A, a single dose of glucose (3.5 gm. per 
kilo) was given at the end of the 24 hour fast. In Series B, animals fasted 
24 hours received three of the standard doses 1 hour apart and were sacri- 
ficed at the end of the 3rd hour. The glucose was administered as described 
by Cori (5) and the completeness of absorption checked according to the 
directions of Deuel et al. (6). In view of the recent findings of MacKay and 
Clark (7) that the volume in which glucose is administered may influence 
the rate of absorption, the sugar was given in a total volume of 2 ce. 

Liver Glycogen and Lipids—The livers were removed from the animals 
under sodium amytal anesthesia and frozen with carbon dioxide snow. 
The frozen tissue was reduced to a powder with a crushing machine and 
transferred to a tared flask containing hot 30 per cent potassium hydroxide. 
The methods for the determination of glycogen and total lipids (fatty acids 
plus non-saponifiable material of the liver) were the same as were previ- 
ously employed (2). Apparent differences were tested for significance by 
the ¢ method of Fisher (8). 

Results 


Series A—The liver glycogen and lipid values in the unfasted controls 
and after 12, 24, and 36 hours of fasting are given in Table I. The differ- 
ence in glycogen levels in the unfasted animals on the two diets is of the 
same order as was found previously (2). Statistical evaluation of this 
difference indicates that the possibility of its being due to chance is 1 in 98. 
After 12 hours of fasting, the glycogen has dropped 88 per cent in the fatty 
livers and 54 per cent in the normal livers. The livers of the animals on 
Diet 2 now contain greater amounts of glycogen than the livers of those on 
Diet 1. The values for the 24 and 36 hour periods indicate a reduced rate 
of removal when compared to that during the first 12 hours of fasting. 
Moreover, the rate of removal during these periods is of the same order of 





? Generously supplied by the Corn Products Refining Company, New York. 
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magnitude in both dietary groups. Thus, at the end of 24 and 36 hours of 
fasting the livers of animals on Diet 2 contain levels of glycogen signifi- 
cantly higher than those of the rats on Diet 1. 

The livers of the animals receiving Diet 1 contained the expected high 
levels of fat, while those on Diet 2 are within the normal range. Statistical 
analysis of the data shows that there was no significant change in the liver 
lipids in either dietary group during the 36 hour fast. 


TABLE I 
Series A, Glycogen and Lipids in Livers of Fasted Male Rats 
The animals received the diets for 26 days. The liver data are calculated on the 
basis of 100 gm. of body weight. 





























| | we Nl 
Diet No. | No. of rats: | | Ore Po vac Total lipid 
| 
| hrs. gm. gm. gm. 

1 a 0 0.172 | 1.031 
+6.031 | +0.211 

2 5 0 | 0.072 | 0.100 | 3.02 | 3.36 | 0.170 
| +0.011 | 0.033 

1 7 12 0.020 | | | 1.592 
+0.002 | +0.308 

2 7 12 0.033 0.013 3.58 3.06 | 0.156 
+0.002 | 0.010 

1 8 24 0.017 | 1.214 
+0.002 0.361 

2 ,. 2. 0.029 | 0.012 4.72 3.01 | 0.111 
| +0.001  +£0.004 

1 7 36 0.009 0.752 
+0.002 +0. 220 

2 7 36 0.017 0.008 3.12 3.06 0.128 
| | 0.002 | +0.018 








* Including the standard error of the mean calculated as follows: 
V/ zd?/n _ i/Vn 
t Based on a P value of 0.01 (chances of difference in result being due to errors in 
sampling 1 in 100). 


The animals fasted 24 hours served as controls for the experiments on 
glucose feeding and are included in Table II, which summarizes the data 
obtained when glucose was administered to rats on Diets 1 and 2 fasted 24 
hours. The administered glucose was completely absorbed in 3 hours in 
both groups. 3 hours after the administration of 3.5 gm. of glucose per 
kilo the animals on Diet 2 had a higher liver glycogen than those on Diet 1. 
The difference after 3 hours was not a carry-over from the control values, 
for the 0.073 gm. increase in the former is significantly greater than the 
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0.049 gm. increase in the latter. The animals on Diet 2 maintain their high 
level through 6 hours. The 12 hour value shows a slight decrease from that 
of 6 hours and after 24 hours a further decrease has occurred. However, 
the 24 hour value is significantly higher than the control value. In con- 
trast to those on Diet 2, the rats on Diet 1 show a 42 per cent drop in liver 
glycogen in the second 3 hours following glucose administration, and in 24 


TABLE II 
Series A, Glycogen and Lipids in Livers of Glucose-Fed Male Rats 
The animals received the diets for 26 days. After a 24 hour fast, glucose (3.5 
gm. per kilo) was administered by stomach tube and the animals sacrificed after the 
time intervals shown in the third column. The liver data are calculated on the basig 
of 100 gm. of body weight. 


Diet No. | No. of rats —— p+ Difference pom SP ‘value for Total lipid 
Ars. | gm. em. gm. 

Rk Bk | Oe. bo ae | | 1.214 

+0.002 +0.361 

=) 2 ae oe 0.029 0.012 4.72 | 3.01 0.111 

| +0.001 | +0.004 

sa) a 3 | 0.066 | | 1.147 

| | 0.005 +0. 241 

J 3 | 0.102 | 0.036 3.99 | 2.98 0.134 

| +0.004 | +0. 007 

1 hat al 6 0.038 | | 1.643 

+0. 006 +0.300 

Seb @- fae 0.098 | 0.060 6.75 | 2.98 0.115 

| 20.003 | 0.006 

1 8 Ts ma 0.027 1.539 

+0.004 | +0. 280 

2 8 12 0.083 0.056 7.97 | 2.98 0.118 

+0.004 +0.004 

I DP” T° ot 0.023 | 0.614 

+0.005 +0. 131 

2 7 24 0.053 0.030 3.77 3.06 0.097 


+0.005 +0.006 


hours the level has returned to the control value. Throughout the period 
under study there were greater amounts of glycogen in the livers of the 
animals on Diet 2 than in the livers of those on Diet 1. 

Series B—The studies on females are summarized in Table III. The un- 
fasted animals on Diets 1 and 2 exhibit the same differences in liver glycogen 
and lipids as the males. The level of glycogen in both dietary groups is 
lower than was foundin the males. Thisis probably due to the sex difference 
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described by Deuel and Davis (1). 1 hour after the administration of three 
hourly doses of glucose there was no significant difference in the liver gly- 
cogen of the females on the two diets. In the animals on Diet 5 the liver 
lipids were normal and the glycogen was at the same level as was found in 
the group receiving 5 per cent protein but no choline. 


TaB_e III 
Series B, Glycogen and Lipids in Livers of Unfasted, Fasted, and Glucose-Fed Female * 
Rats 
The rats received the diets for 35 days. The glucose-fed animals, after a 24 hour 
fast, were given three hourly doses of glucose (3.5 gm. per kilo) and sacrificed at the 
end of the 3rd hour. The liver data are calculated on the basis of 100 gm. of body 
weight. 





| ; 
Significant 





Diet No. yew tg Treatment P.... Difference ree. Far = for | Total lipid 
} | | 

em. | gm. | | gm. 
1 7 Unfasted | 0.111 | | 1.514 
+0.012 | | +0. 288 
2 ee as 0.064 | 0.047 3.09 3.06 0.225 
+0.009 | +0.028 
5 7 ‘ 0.103 | 0.039* | 3.20 | 3.06 0.145 
|  +0.008 | | +0.006 
1 8 | Fasted | 0.008 | 1.729 
=. “ | 0.010 | 0.002 | 1.11 | 2.98 0.238 
| 0.002 | | | +0.021 
] 7 Glucose | 0.086 1.376 
+0.020 | | +0.240 
2 8 “ | 0.060 | 0.026 | 1.08 | 3.01 0.188 
| £0.018 | | | +0.018 





* Difference between Diets 2 and 5. 


DISCUSSION 


These results offer some explanation for our previous findings. In the 
animals with fatty livers, the rapid drop in liver glycogen to low levels dur- 
ing a 12 hour fast indicates an increased rate of glycogenolysis. The high 
fasting blood sugar (2) in these animals may thus be explained as due to the 
increased rate of glycogenolysis during fasting. 

In the rats on Diet 1 the administration of a standard dose of glucose 
produced an increase in liver glycogen, but the rate of deposition was less 
than in the animals on Diet 2. From the 3rd through the 24th hour follow- 
ing glucose administration, there was a gradual decrease in glycogen to the 
control value in the rats with fatty livers. This was in contrast to those on 
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Diet 2 in which there was a plateau from the 3rd to the 6th hour, followed 
by a gradual decrease but with the 24 hour level significantly above the 
control value. The slower rate of glycogenesis in the livers of the rats on 
Diet 1 is also in accord with our previous findings of a decreased tolerance 
in these animals. 

It is evident from the data on females that the higher level of liver glyco- 
gen found in males receiving a diet high in fat and low in protein and 
lipotropic factors is also present in females ingesting such a diet. Inasmuch 
as the above relationship has now been found in four experiments, it may 
be considered an established characteristic of these animals. From a com- 
parison of the animals on Diets 1, 2, and 5 it may be concluded that the 
high liver fat does not influence the level of liver glycogen. This confirms 
our previous findings (2). When the females on Diets 1 and 2 were fasted 
24 hours and then flooded with glucose for a 3 hour period, there was no 
difference in the level of the liver glycogen in the two groups. It appears 
that in the presence of sufficient glucose over a period of time, the animals 
on Diet 1 can deposit as much glycogen as those on Diet 2. A point re- 
quiring further study is the absence of a significant difference between the 
females on Diets 1 and 2 after a 24 hour fast. 

Newburgh and Conn (9) have suggested that an abnormal accumulation 
of fat in the liver of obese diabetic patients interferes with the liver’s 
capacity to store glycogen at the normal rate. Our findings appear to be 
in line with this suggestion. However, we are not convinced that the above 
theory adequately explains the phenomena under study. First, the rapid 
removal of glycogen from the fatty liver during fasting is difficult to explain 
simply on the basis of the presence of an abnormal amount of fat in the 
liver. Secondly, in the animals receiving glucose, after the peak of glyco- 
gen deposition was reached there was a relatively rapid removal. This was 
in contrast to the normal animals in which there was a plateau in the level 
of liver glycogen followed by a slow rate of removal during the ensuing 18 
hours. Thirdly, in the unfasted animals, the glycogen level was not influ- 
enced by the amount of fat in the liver. We interpret the data obtained 
thus far as indicating that the large amounts of lipids in the livers of 
animals receiving Diet 1 have no influence on the capacity of the liver to 
metabolize carbohydrates. The observed changes in liver glycogen may 
reflect an increased demand for glucose by other tissues. Possible causes 
of an increased demand for carbohydrates are, first, an inadequate supply 
of “stored” protein for catabolism (10), and, secondly, changes in normal 
carbohydrate metabolism which are related to the deficient intake of pro- 
tein and lipotropic factors. 

Evidence is being accumulated in this laboratory which indicates that, 
in animals receiving a diet low in protein and choline, there are fundamental 
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changes in metabolism which cannot be attributed solely to a lack of lipo- 
tropic factors. 


SUMMARY 


1. In unfasted male and female rats receiving 9 diet high in fat and low in 
protein and lipotropic factors, the livers contained significantly greater 
amounts of glycogen and lipids than the livers of those on a diet high in fat 
and protein. The level of the liver glycogen was independent of the 
amount of fat in the liver. 

2. The animals having fatty livers exhibited an increased rate of glyco- 
genolysis during fasting and a decreased glycogenesis following a standard 
dose of glucose. 

3. There was no change in the total lipids of the liver during a 36 hour 
fast. 
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THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY ENZYMES 
II. SUCCINIC DEHYDROGENASE AND CYTOCHROME OXIDASE* 
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Until methods for the assay of animal tissues for specific respiratory 
enzymes have been developed, the brilliant and fundamental researches 
of Warburg, Meyerhof, Cori, and others cannot be applied to the various 
aspects of metabolism. By means of the homogenization technique of 
Potter and Elvehjem (2), it is possible to disperse cellular components so 
widely that endogenous respiration is virtually stopped due to dilution 
effects (2), after which particular phases of metabolism may be restored 
by the addition of the appropriate substrates and soluble cofactors.' 
The goal is to isolate a particular reaction and, by so doing, to determine 
quantitatively the specific enzyme which catalyzes the reaction, rather than 
to effect a partial isolation of the enzymes by means of fractionations in 
which the over-all yield is never determined. In the case of the respiratory 
enzymes, the situation is complicated by the fact that the reaction oecurs 
through the mediation of a series of enzymes, all of which are necessary to 
obtain oxygen uptake. 

We have previously presented a method for the quantitative determina- 
tion of cytochrome c (1) in animal tissues. It was possible in that instance 
to express the results on an absolute basis; 7.e., in gm. or moles per unit of 
tissue. In the case of most of the respiratory enzymes, there is no way of 
expressing the results on an absolute basis, since the measurement is in 
terms of catalytic effect, and the results must be expressed in the same 
terms, since no standards are available for comparison. However, by 
expressing the results in terms of the conventional Qo,, one may compare 
the results directly with measurements made on tissue slices. This cannot 
be done when succinic dehydrogenase is measured by the methylene blue 
technique (3). 

* This work was aided by the Jonathan Bowman Fund for Cancer Research. 

The paper on the quantitative determination of cytochrome c (1) will be considered 
as Paper I of this series. Preliminary experiments on coenzyme I-cytochrome re- 
ductase as well as the coenzyme I requiring dehydrogenases have been carried out. 

' The wide-spread application of the homogenization technique without due regard 
for the nature of the homogenate makes it necessary to emphasize here that in all 
systems known to involve soluble cofactors the dilution and destruction of these 
factors must be taken into account. 
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The present paper involves the assay for two enzymes, succinic dehydro- 
genase and cytochrome oxidase. They are studied together because it is 
necessary to prove that when succinate is being oxidized by a tissue homo- 
genate in the presence of excess cytochrome c, the limiting factor is succinic 
dehydrogenase. If this is true, the Qo, is the measure of succinic dehydro- 
genase; but it is only true if cytochrome c and cytochrome oxidase are 
present in excess. That cytochrome c is present in excess can be assured 
by preparing the pure compound and adding an amount such that addi- 
tional cytochrome c does not increase the rate of oxygen uptake. In the 
case of cytochrome oxidase, however, an assay for this enzyme must be 
devised and applied to every tissue in which succinic dehydrogenase is 
measured. Although a number of methods for assaying cytochrome 
oxidase have been published, they have all depended upon the fact that 
cytochrome c can be reduced directly (7.e., non-enzymatically) by certain 
more or less autoxidizable compounds. The test consists of adding suffi- 
cient reducer and cytochrome c to keep the oxidase saturated with reduced 
cytochrome c. Previous investigators, in attempts to measure oxidase 
activity, used hydroquinone (4-6) and p-phenylenediamine (6, 7) to reduce 
cytochrome c, while cysteine (6) and ascorbic acid (8) were also indicated 
as possible reducing agents for cytochrome c. 

The assay is complicated by the fact that the preparation of the tissue 
affects the results considerably. Any method of preparing extracts which 
fails to establish the relation between the tissue and the extract may be 
eliminated at the start. On the other hand the technique of homogeniza- 
tion has a profound effect upon the results, since we obtained the remark- 
able result that only those cells which are broken contribute to the rate 
of oxygen uptake in the cytochrome oxidase system. Since the per cent 
of whole cells in a homogenate depends upon the homogenizing technique, 
it is important to be able to control this factor. 


EXPERIMENTAL 
Materials and Methods 


All experimental and assay work was carried out with a conventional 
Warburg apparatus at 38°. 

Tissue Preparation—The tissue was prepared by homogenizing (2) in 
m/30 phosphate buffer at pH 7.4 or in distilled water. 

Cytochrome c—This was prepared from fresh beef hearts as described by 
Keilin and Hartree (9) except that it was dialyzed against redistilled water 
instead of 1 per cent NaCl (3). 

-» Substrates—Sodium succinate was prepared as described in a previous 
report (10). Hydroquinone (Merck’s) was purified by sublimation be- 
tween watch-glasses. Eastman’s d-isoascorbic acid and Merck’s ascorbic 
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acid and cysteine hydrochloride were used as such without further treat- 
ment. 

Semicarbazide Hydrochloride—Merck’s semicarbazide hydrochloride was 
recrystallized by dissolving it in the minimal amount of het water, adding 
2 to 3 volumes of ethyl! alcohol, and allowing the mixture to stand in the 
cold until crystallization was complete. The product was washed with 
alcohol and dried in air. 

Metal Ion Soluttons—Calcium and aluminum ion solutions were prepared 
from reagent chemicals at a strength of 4 X 10-* M. 

Whole Cell Preparations—Rat liver was forced through cheese-cloth and 
then through bolting silk. The resulting mass of tissue was made up to a 
1:10 suspension with M/30 phosphate buffer, pH 7.4.. The whole cells 
were separated and washed several times by centrifuging the suspension 
for 1 minute at 800 R.P.M. 

Cell-Free Preparation—A 10 per cent homogenate was centrifuged for 5 
minutes at 2000 r.p.m. The residue was made up to the original volume 
and recentrifuged as before. The combined supernatants were centrifuged 
under the same conditions to clear out any traces of cells or nuclei. 


Succtnoxidase System 


pH—The effect of pH was determined by using various mixtures of 0.1 mM 
NaH,PO,and 0.1 M NagH PQ, in place of the usual phosphate buffer at pH 7.4. 
The latter served asacontrol. After the oxygen uptakes were measured, the 
contents of duplicate flasks were mixed and the pH determined electro- 
metrically. The results of such an experiment are given in Table I; they 
indicate that the succinoxidase pH optimum range is from 7.5 to 7.7 and 
that the activity observed with the usual phosphate buffer at pH 7.4 was 
the same as that given by the phosphate mixtures in the optimum pH 
range. 

Phosphate Concentration—There was little difference in the activity in 
the range of phosphate concentrations of 0.0201 to 0.0469 m. A slight loss 
in activity occurred, however, at a phosphate concentration of 0.0067 Mm. 
These results are summarized in Table I. 

Succinate Concentration—Experiments on succinate concentration by 
Mr. K. P. DuBois yielded the results given in Table I. The optimum 
succinate concentration range was from 0.033 to 0.067 M. 

Cytochrome c Concentration—The effect of cytochrome c concentration 
on the succinoxidase system was reported previously (3). Those experi- 
ments were conducted at 20°, however, and in the absence of calcium and 
aluminum ions. Changing the temperature to 38° and adding these ions 
had no effect on the amount of cytochrome c needed to saturate the system 
(see Table I and (3)). 

Metal Ion Effects—Although the need for the various components has 








220 RESPIRATORY ENZYMES IN TISSUES. II 


been demonstrated previously (3, 10), it is no longer necessary to assume 
that calcium and aluminum ions are components of the succinoxidase 
system, since alternate and more likely explanations of their action are 
now available. Both ions appear to act as specific anti-inhibitors rather 
than directly as activators of the succinoxidase system. Swingle et al. (11) 
have obtained evidence that calcium activates coenzyme I nucleotidase or 
some similar enzyme. According to these workers, calcium hastens the 
complete destruction of the coenzyme I in the liver homogenate. Unless 
the coenzyme I is completely destroyed, traces of oxalacetate will be 


TaBLe [ 
Optimum Conditions for Succinoxidase and Cytochrome Oxidase Systems 


Each of the components was varied independently of the other components in the 
system; i.e., all other components were at optimum levels while one component 
was varied. The values of the figures given under the various columns are as fol- 
lows: succinate, M X 10?; phosphate and ascorbate, m X 10°; cytochrome c, m X 105. 
10 mg. of fresh liver were used throughout the succinoxidase system. 5 mg. were 
used in the cytochrome oxidase system except where indicated. Qo, is the c.mm. of 
O, taken up per hour per mg. of dry tissue. 





























Succinoxidase system Cytochrome oxidase system 
Suc- Phos- Cyto- Cyto- Ascor- Fresh 
cits | 00s] varied | Gos] nhats | ox) chrome | Qo, /°™M™| Gor ts, | Cox) ver, | 10m 
meg. | ¢.mm. 
0.8 |39.0! 6.08 |23.3) 6.7 | 98) 0.00 |26.2) 0.0 11} 3.8) 169 0 | 5.6* 
1.7 (82.5) 6.35 {32.8} 20.1 | 107} 0.33 (66.3) 2.4 99| 7.6 | 246) 1.0 | 30.4 
3.3 (98.5) 6.83 |42.4) 26.8 | 107; 1.00 |80.3) 4.8 | 158) 11.4 | 240) 1.5 | 4-3 
5.0 (98.5) 7.34 (63.8) 33.5 | 107; 1.67 |78.6; 6.4 | 170) 15.2 | 253) 2.0 | 56.0 
6.7 |96.5| 7.50t |77.2| 40.2 105} 2.00 |80.8| 7.2 | 184) 19.0 | 228] 2.5 | 67.9 
10.0 |79.5| 7.65 |78.5) 46.9 105) 3.33 80.4) 8.0 188) 22.8 | 253 
15.0 |52.0| 8.32 |47.2 10.00 (86.0) 8.8 | 190 











* O, uptake resulting from extrapolation of other values to zero tissue concentra- 
tion. 
¢ Control flask containing 1.0 ml. of 0.1 m phosphate buffer, pH 7.4. 


formed as soon as succinate is oxidized to fumarate. Only traces of 
oxalacetate are required to inhibit succinic dehydrogenase. Thus, the 
calcium affects the reaction between succinate and the dehydrogenase (10) 
but in a very indirect manner, probably by preventing the formation of 
oxalacetate. The action of aluminum likewise may be indirect. The 
apparent dilution effect which was corrected by adding aluminum ions to 
an otherwise complete system (10) can also be explained in terms of an 
anti-inhibitor effect on the basis of the following facts. If the observed 
rate is plotted against the enzyme concentration, a straight line results 
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which intersects the enzyme scale instead of passing through the origin 
(Fig. 1, B, Ca** curve). It is as if a small amount of heavy metal impurity 
reacted stoichiometrically with a small portion of the enzyme. The effect 
js more noticeable with smaller amounts of enzyme’ and gives the impres- 
sion of a dilution effect when Qo, is plotted against enzyme concentration 
(Fig. 1, A, Ca++ curve). A true dilution effect will not yield a straight 
line when the observed rate is plotted against the enzyme concentration 
(2), as was done in Fig. 1, B, Ca** curve. The addition of aluminum 
appears to prevent the toxic action, and the straight line now intersects 
the origin (Fig. 1, B, Ca++ + Al*** curve). It is possible that the in- 
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Fic. 1. Ion effects in the succinoxidase system. Curves plotted from data in (10) 
to show that the lowered activity due to lack of aluminum is not a true dilution 
effect. See the text. Each point is the average of twelve manometric determina- 
tions. Experimental details are given in (10), Table I. 


hibitor is a metal ion, since the marked autoxidation of ascorbic acid in 
phosphate buffer is greatly diminished by adding aluminum ions. 

Tissue Concentrations—The dilution effect previously demonstrated in 
the succinoxidase system (10) was shown to be eliminated by the use of 


* Axelrod, Swingle, and Elvehjem (12) reported that they did not observe the alu- 
minum effect in their experiments with succinoxidase. They used 40 mg. of tissue 
per flask, since the larger value for Vg in the Barcroft apparatus requires the use of 
larger amounts of tissue in order to get manometric displacements of sufficient 
magnitude. Fig. 1, A plainly shows that the aluminum effect is most noticeable at 
levels too small to be used in their apparatus, while extrapolation of our curve to 40 
mg. would result in an absence of aluminum effect, in agreement with their result. 











222 RESPIRATORY ENZYMES IN TISSUES. II 


aluminum ions plus calcium ions. That is, under the prescribed condj- 
tions, the oxygen uptake is proportional to the tissue concentration. One 
has only to choose the amount of tissue which will give the most accurately 
measured rate of oxygen uptake. 

Cytochrome Oxidase System 

Conditions in the cytochrome oxidase system were kept as nearly like 
those of the succinoxidase system as possible; that is, the same temperature, 
phosphate concentration, and pH were used as in the succinoxidase system. 
However, the cytochrome c concentration had to be increased considerably, 
as will be shown below. 

Substrates—Hydroquinone, p-phenylenediamine, ascorbic acid, and 
cysteine were used as substrates for the oxidase. The p-phenylenediamine 
was completely unsatisfactory because the rates of oxygen uptake fell off 
rapidly. If hydroquinone is used, it is necessary to use semicarbazide in 
a final concentration of 0.1 m in order to get linear rates of oxygen uptake 
for at least 20 minutes (cf. (5)). When such a system was used, lower rates 
of oxygen uptake (Qo, = 197) were observed than when ascorbic acid was 
used as a substrate (Qo, = 277). This lower rate might be ascribed to 
inhibition by the semicarbazide or to an alternate oxidative pathway in the 
case of ascorbic acid. That the lower rate is not due to inhibition by the 
semicarbazide is shown by the fact that identical rates are obtained in 
the first 5 minutes after hydroquinone has been added in the presence or 
absence of semicarbazide. From a consideration of oxidation-reduction 
potentials, an alternate oxidative pathway is unlikely in the case of either 
hydroquinone or ascorbic acid, whereas such a pathway might easily be 
involved in the oxidation of cysteine or p-phenylenediamine. That any 
alternate path in the case of the oxidation of ascorbic acid must be very 
small is indicated by the rate in the absence of added cytochrome c, which 
is about the same as the rate of autoxidation. Cysteine was found to be 
unsuitable because it is unable to reduce cytochrome c rapidly enough to 
keep the oxidase saturated with reduced cytochrome c. Ascorbic acid on 
the other hand reduced cytochrome c¢ rapidly, and gave linear rates of 
oxygen uptake. In addition it had a low rate of autoxidation and its 
end-products do not affect the reaction. 

The effect of ascorbic acid concentration is given in Table I; there is 
little difference in the activities in the ascorbate concentration range of 
0.0076 to 0.0228 m. 

Cytochrome c Concentration—Table I shows the effect of cytochrome ¢ 
concentration on the succinoxidase and the cytochrome oxidase systems. 
There are two points of interest, (a) the oxidase requires much more 
cytochrome c for saturation than does the succinoxidase system, and (6) 
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the oxidase operates at a much slower rate at a cytochrome c concentration 
known to approximate the physiological level in the intact liver cell (3) 
than does the succinoxidase system. Potter*® has shown that a rat liver 
homogenate is not homogeneous in composition and that a partial separa- 
tion of whole cells from cytoplasm fractions can be effected. Table II 
shows the results of using partially separated whole cell and cytoplasm 
preparations in the succinoxidase and the cytochrome oxidase systems. 
In the absence of added cytochrome c, there is a large oxygen uptake in the 
whole cell preparation with succinate as substrate, while there is practically 
no uptake with the ascorbate as substrate. This indicates that the 
succinate diffuses into the cells, whereas the ascorbate does not. This is 


TaBLe II 
Effect of Added Cytochrome c on Succinozidase (Succinate) and Cytochrome Oxidase 
(Ascorbate) Activities of Whole Cell and Cell-Free Liver Preparations and 
on Activities of Liver Homogenized in Isotonic Phosphate and in Water 


All ascorbate and succinate values are given as c.mm. of O; per 10 minutes. 











Whole cell Cell-free Tissue homogenized | Tissue pemagrenet 
Added cyto- preparation preparation in m/30 phosphate in H 
chrome c nae a Ae i coeds nameatenenn ee a 
On On On On On On On On 
succinate | ascorbate | succinate | ascorbate | succinate | ascorbate | succinate ascorbate 
ie 108 wT, | 
0 | 49.6 | 3.7 | 125 | 5.8 | 14.0 3.0 | 90 | 26 
1.0 31.6 25.7 
2.0 83.5 17.3 42.3 | 40.6 44.8 28.0 | 42.5 | 29.0 
3.0 48.2 | 53.4 | | | | 
4.0 88.0 25.9 48.5 64.4 45.8 49.4 44.8 59.2 
6.1 | 38.6 | 6.1 


0* 81.0 | 








*40 mg. of fresh liver were used in this experiment; 10 mg. of fresh liver were 
used in all the other experiments on tissues homogenized in water and phosphate. 


further borne out by the cytoplasm data. In the absence of added cyto- 
chrome c, the succinate uptake is markedly reduced; this is what one would 
expect if fewer whole cells were present into which the succinate could 
diffuse. It also takes much less cytochrome c to get the oxidase to operate 
at a more rapid rate than the succinoxidase system in the cytoplasm prep- 
aration than in the whole cell preparation. The question arises as to how 
one can improve the homogenization technique so as to remove the whole 
cells more completely. Recent work by Elliott and Libet (13) indicated 
that this end might be reached by homogenization in distilled water. 
Table IIT shows that this procedure certainly produces a marked difference 
in the succinoxidase activities in the absence of cytochrome c (this is espe- 


* Unpublished experiments. 
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cially apparent when 40 mg. of tissue were used), indicating that the per- 
centage of cells disrupted in the water treatment is much greater than when 
the tissue was homogenized in isotonic phosphate. That there is little 
loss in activity during homogenization in water is shown by the fact that 
both homogenates have essentially the same succinoxidase activities in 
the presence of excess added cytochrome c. The fact that succinate can 
diffuse into intact cells suggests a method for determining the proportion 
of whole cells present. If the succinoxidase activities are determined in 
the absence of added cytochrome c and in the presence of excess added 
cytochrome c, the ratio of these two values should be a measure of the in- 
tact cells present, since only the intact cells contribute to the oxygen uptake 
in the absence of added cytochrome c. This was the method which was 
actually used to correct the observed cytochrome oxidase activities for the 
degree of homogenization. 

Tissue Concentration—That the rate of oxygen uptake is proportional 
to the tissue concentration is evident from Table I. If, however, the 
corresponding Qo, values are plotted against tissue concentration, an inverse 
dilution effect results (see also the data in (7)); that is, the Qo, is much 
higher at lower tissue concentrations than at higher tissue concentrations. 
If, now, we consider the uptake at zero tissue concentration (obtained by 
extrapolation of values obtained at three or more tissue concentrations) 
to be a measure of the ascorbate autoxidation and subtract this value from 
the uptake at all tissue levels, the Qo, values are constant and independent 
of tissue concentration. This procedure was employed in all assay work 
and proved highly successful. Qo, values determined in this way represent 
at least minimal values for the cytochrome oxidase system. It was also 
observed that apparent dilution effects sometimes resulted when extremely 
small amounts of homogenate were used, as in the case of the more active 
tissues, and that these effects could be corrected by the addition of AIC\, 
just as in the succinoxidase system. The mechanism of action is probably 
also the same. 


Assay Methods and Results 


In the assay of various tissues for succinoxidase and cytochrome oxidase 
activities, two levels of tissue were used in the former and three in the 
latter. The autoxidation rate for the ascorbic acid was determined in- 
directly as described above. Experience showed that it was unnecessary 
to measure the oxygen uptake in the absence of succinate or ascorbate, since 
this was always found to be insignificant. Succinoxidase rates and cor- 
rected cytochrome oxidase rates were then converted to Qo, values and the 
values for the latter assay were also corrected for the degree of homogeniza- 
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tion of the tissue. The activities were determined simultaneously on each 
sample. A summary of the assay conditions used was as follows: 

Succinoxidase System—1.0 ml. of 0.1 m phosphate buffer (pH 7.4), 0.4 
ml. of 10-* m cytochrome c, 0.3 ml. of 4 X 10-* m CaCh, 0.3 ml. of 4 X 
10° m AICl,, 0.3 ml. of 0.5 M sodium succinate (pH 7.4), the desired amount 
of tissue, and water to make 3.0 ml. were used; 0.2 ml. of 2 Nn NaOH was 
placed in the center cup. ‘Two levels of tissue were assayed, with the 
higher level also tested in the absence of added cytochrome c. 

Cytochrome Oxidase System—1.0 ml. of 0.1 Mm phosphate buffer (pH 7.4), 
1.0 ml. of 2.4 X 10 m cytochrome c, 0.3 ml. of 0.114 m ascorbic acid 
neutralized to pH 7.4 with NaOH, 0.3 ml. of 4 X 10-* m AICl;, the desired 
amount of tissue, and water to make 3.0 ml. were used; 0.2 ml. of 2 nN 
NaOH was placed in the center cup. Three levels of tissue were tested. 

Glass-redistilled water was used throughout in both systems. It was 
possible with the technique described to assay for both enzymes with six 
manometers per tissue sample. 

A large variety of tissues has been assayed for succinic dehydrogenase 
and cytochrome oxidase activity. These results were reported in detail 
elsewhere in connection with a survey of cancer tissues (14). A summary 
of these results as well as those of other authors is presented in Table III 
for purposes of comparison. It is evident that our Qo, values are consid- 
erably higher than those of previous workers, with the exception of those 
of Axelrod et al. This similarity in results is difficult to explain in the 
case of the values with cytochrome oxidase, since these authors used hydro- 
quinone as a substrate and we consistently found that hydroquinone gave 
lower activities than did ascorbic acid. A possible explanation may lie in 
the nutritional state of the two groups of animals or in the age of the ani- 
mals, since we have been able to show that the cytochrome oxidase activity 
is considerably higher in young rats than it is in adult rats (unpublished 
experiments). 

The succinoxidase test system as described in this paper has already been 
widely applied in other biological studies. Among these might be men- 
tioned the study of the succinoxidase system in riboflavin-deficient rats 
(12, 16) and the effect of inhibitors on the succinoxidase system (17, 18). 
A recent study (19) in which this technique was used showed that the 
succinoxidase activity was considerably increased in the muscles of vita- 
min E-deficient animals, and that this enhanced activity could be reduced 
to the normal range by the addition of a-tocopherol phosphate to the 
system. The demonstration of this effect of vitamin E on the succinoxi- 
dase system poses the question as to whether the activities as measured in 
normal tissues are limited by the vitamin E content of the tissues studied, 
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but on the basis of calculations on the tocopherol content of cattle muscle 
(20) it seems likely that the concentrations used by Houchin (19) to obtain 


TaB.e III 
Succinoridase and Cytochrome Oxidase Activities of Rat Tissues 
All results are reported as Qo, values; i.e., as c.mm. of O, taken up per hour per 
mg. of dry tissue. 


Succinoxidase 00, Cytochrome oxidase 00, 





be 9 From | From t From From From | From From 
(7)° (12)t (7)* (12)t (4)§ (5)i| (15)€ 
Heart 219 62 974 | 1699 | 506 97 | 255 | 299 
(197- (693- | (1405- 
| 250) 1170), 1870) | 
Kidney |195 | 112 | 549 «| 695 | 288 | 47 | 146 | 
(174- | (511- | (663- | 
226) | | 585); 725) 
Liver 87.7 | 66 | 84 | 392 479 | 167 | 434 17 | 107 
| (76.8- | (78- | (281- | (347- (348- 
101) | 98) 518) | 586) 480) 
Brain 48.7 18 420 | 476 | 134 35 | 
| (41- (306- | (348- 
64.1)| | 584) | 654) 
Skeletal 35.5 | 6.6 | 1890 | 271 38 23; | 3 
muscle | (29.2- (110- | (171- 
48.7)| | 274) | 372) 
Spleen 23.3 0.5 195 222 | 32 16 | 46.2 
(19.4- (158- | (178- 
35.3) 317) | 374) | 
Lung 17.9 7.5 92.3 | 109 31 13 | 
(15.0- | (70.6-| (83.0- 
21.6) 114) | 129) | am 
Jensen sar-| 17.8 13 129 145 43 10.2 
coma (15.3- (106- | (121- 
| 21.1) | 170) | 192) 


* Succinate and p-phenylenediamine substrates; homogenization. The figures in 
parentheses in the headings refer to the bibliography. 

t Succinate and hydroquinone substrates; homogenization. Semicarbazide quin- ° 
one fixation. 

t The results in this column were obtained by correcting for the degree of homo- 
genization of the tissues. 

§ Hydroquinone substrate; extraction by dialysis for 10 to 15 hours. 

'| Hydroquinone substrate; homogenization. Semicarbazide quinone fixation. 

{ p-Phenylenediamine substrate; homogenization and extraction. These re- 
sults were converted to Qo, values by using our dry weight determinations. 


an effect on the succinoxidase system were considerably above those which 
would occur in the succinoxidase assay. 
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SUMMARY 


1. The optimum succinate, cytochrome c, phosphate, and hydrogen ion 
concentrations for the succinoxidase system and the optimum ascorbic 
acid and cytochrome c concentrations for the cytochrome oxidase system 
are reported. 

2. Calcium and aluminum ions are necessary for maximum activity in 
the succinoxidase system; aluminum ions were found to be necessary for 
the cytochrome oxidase system. The action in both cases is probably 
indirect. 

3. The cytochrome oxidase assay was shown to be limited by the com- 
pleteness of the disruption of the tissue cells; a method is described for the 
correction of the observed cytochrome oxidase activity for the degree of 
homogenization of the tissue. 

4. A method is described for correction of the cytochrome oxidase oxy- 
gen uptake rates for the autoxidation of the ascorbic acid. 

5. The heart, kidney, liver, brain, skeletal muscle, spleen, and lungs of 
the rat were assayed for succinic dehydrogenase and cytochrome oxidase 
activities. 
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THE RELATIONSHIP OF ACETOIN TO METABOLIC 
ACETYLATIONS 
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(Received for publication, April 26, 1943) 


The metabolic acetylation of amino groups is a well known ‘‘detoxifica- 
tion” reaction (1, 2). Aromatic amines, such as p-aminobenzoic acid 
(3, 4) and sulfanilamide (5), are readily acetylated by rabbits and humans, 
while the acetylation of the aliphatic amino group in phenylaminobutyric 
acid has been observed in dogs (6) and rats (7). The amino group of 
cysteine is acetylated in the synthesis of mercapturic acids (8). Meta- 
bolic acetylations are not confined to amino groups, since the formation of 
acetylcholine is constantly taking place in nervous tissue (9-11). 

The nature of the acetylating agent, e.g. the substance furnishing the 
acetyl group for these reactions, has not been established, but it has often 
been assumed to be acetate (12, 13). Studies of the effect of acetate ad- 
ministration on the acetylation reaction have led to conflicting results 
(13,14). Other studies have indicated that the acetylating agent is derived 
from carbohydrate (11, 15, 16), and that pyruvate is a probable precursor 
(11, 12, 17). Furthermore, it has been shown that the acetylation of 
choline is dependent upon an adequate supply of thiamine (18). In view 
of the fact that pyruvate is converted to acetoin by a diphosphothiamine 
enzyme in mammalian tissues (19), it seemed likely that acetoin also would 
be a precursor of the acetylating agent. 

Experimental studies have shown that acetoin and the related 2,3- 
butylene glycol increased the acetylation of p-aminobenzoic acid by 
rabbits. Acetate had little or no effect upon this reaction, and it is there- 
fore unlikely that the effect of acetoin and related compounds could be due 
to conversion to acetate. The most likely chain of events is represented in 
Fig. 1, in which acetyl phosphate is believed to be the acetylating agent. 


EXPERIMENTAL 


Male rabbits weighing about 2 kilos were placed in metabolism cages and 
fed a diet of rabbit chow ad libitum. At intervals of once or twice per week, 
each rabbit was injected subcutaneously with 1 gm. of p-aminobenzoic acid 
as the sodium salt in 10 per cent solution. Urine was collected daily for 
48 hours under a small amount of toluene, and the total urine sample was 
diluted to 2 liters. An aliquot was further diluted 1:100; 30 ce. of this 
diluted solution were mixed with 5 ec. of 4 N HCl and diluted to 100 cc. 
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Free p-aminobenzoic acid was determined colorimetrically on 10 ce. ali- 
quots of this solution. A 20 cc. aliquot was heated in boiling water for | 
hour, cooled, diluted to 25 cc., and the total p-aminobenzoic acid determined 
colorimetrically on 10 ec. aliquots. The difference between free and total 
p-aminobenzoic acid represented the acetylated form. The assumption 
that essentially all of this difference is due to acetylated p-aminobenzoic acid 
seems justified, since (a) this difference is actually a measure of the bound 
amino groups, and acetylation is the only known metabolic mechanism for 
blocking the amino group in this compound, and (b) the amounts of 
acetylated p-aminobenzoic acid previously isolated in similar experiments 
(15) are of the same magnitude as those found by colorimetric analysis. 

When repeated tests showed that a rabbit was acetylating a relatively 
constant percentage of the p-aminobenzoic acid, the effect of the adminis- 
tration of various substances upon this acetylation reaction was studied. 
The test substance was injected subcutaneously as a 10 or 20 per cent solu- 
tion in three equal portions, the first one simultaneously with the 1 gm. of 


CH3*CHOH-CHOH-CH3 
2,3-BUTYLENE GLYCOL 


1 


CHy:CO-COOH ——» CHsCHOH’CO-CHs CHs-COOH 
PYRUVATE ACE TOIN ACETATE 


tf 1} 
CH3°CO-CO-CH3; —~ CH3COOPOsHe 
OIACETYL ACETYL PHOSPHATE 


Fie. 1. Formation of the acetylating agent from carbohydrate 


p-aminobenzoic acid (but at a different site), and the other two following at 
intervals of 3 hours. Any change in the amount of p-aminobenzoic acid 
acetylated was attributed to the substance tested, provided this change 
was sufficiently large. This general procedure for studying the acetylation 
reaction has been widely used (15-17, 20). 

Determination of p-Aminobenzoic Acid—p-Aminobenzoic acid was de- 
termined by the colorimetric method developed for sulfanilamide by 
Bratton and Marshall (21). The diazotization of p-aminobenzoic acid 
and coupling with N-(1-naphthyl)ethylenediamine were carried out with 
the reagents and in the manner described for sulfanilamide. The purple- 
red azo dye so produced was read in an Evelyn photoelectric colorimeter 
with a 540 my filter. A 0.1 mg. per cent solution of p-aminobenzoic acid 
gave about 30 per cent as much transmission of light as a blank composed of 
the reagents alone. When log J,/I was plotted against concentration, 4 
straight line was obtained. 

A 3-fold increase in the time allowed for the various reactions to take 
place had no effect on the amount of color obtained. 5 minutes were al- 
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lowed for full development of the color after the addition of N-(1-naphthyl)- 
ethylenediamine, and the color was then stable for at least 1 hour. Carry- 
ing out the reaction at 16° instead of room temperature (26°) gave incom- 
plete color development. To avoid errors due to possible fluctuations in 
temperature or unknown factors, a 0.1 mg. per cent standard of p-amino- 
benzoic acid was run simultaneously with all determinations. The acety- 
lated p-aminobenzoic acid gave no color in the reaction and had no effect on 
the development of color with free p-aminobenzoic acid. The presence of 
rabbit urine in an amount equivalent to that obtained in the experimental 
runs, 7.e. | gm. of p-aminobenzoic acid in 200 to 400 ec. of urine, had no 
effect on the determination. 

Determination of Acetylated p-Aminobenzoic Acid—Acetylated p-amino- 
benzoic acid was determined as the difference between the free form and 
the total p-aminobenzoic acid found after acid hydrolysis. Hydrolysis was 
effected by placing the acidified solution (5 ec. of 4 N HCl in 100 ec. of 
solution) in boiling water for 1 hour. Although these appeared to be the 
optimum conditions for hydrolysis, incomplete recoveries were usually ob- 
tained. Losses appeared to be due primarily to destruction of free p- 
aminobenzoic acid. 

Hydrolysis controls were run under the conditions encountered in the 
analysis of the experimental rabbit urines. The amounts of free and 
acetylated p-aminobenzoic acid were varied, the total remaining fairly 
constant, and the proper amount of rabbit urine was added. The results 
are shown in Table I. Under these conditions, the loss by hydrolysis re- 
mained fairly constant at 6 per cent of the total p-aminobenzoic acid. The 
values obtained on hydrolysis of the experimental urines were therefore 
divided by the factor 0.94 to obtain the correct amount of total p-amino- 
benzoic acid present. 


Results 


Complete protocols for some of the tests on acetoin and 2,3-butylene 
glycol are recorded in Table II in order to show the method of testing and 
the variations encountered. Considerable variation in the amount of p- 
aminobenzoic acid acetylated was often encountered in the first few injec- 
tions, but thereafter the rabbits acetylated a relatively constant percentage 
of the p-aminobenzoic acid. The results were discarded if a consistent 
base-line could not be established, or if the base-line changed appreciably 
after any test. 

The interval between injections had no apparent effect on the percentage 
of p-aminobenzoic acid acetylated. Rabbit 15 acetylated 37 to 42 per cent 
of the p-aminobenzoic acid for the five control tests preceding the testing of 
6 gm. of 2,3-butylene glycol and 36 to 37 per cent for the two controls fol- 
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lowing; during the glycol administration, the acetylation rose to 55 per cent. 
Rabbit 17 acetylated 26 to 32 per cent for four control tests preceding the 
injection, 43 per cent during the injection of 3 gm. of 2 ,3-butylene glycol, 
and 34 to 35 per cent after the injection. Rabbit 11 showed somewhat 
more variation, but the responses to 2,3-butylene glycol and the second 
acetoin administration were considered positive. The response by Rabbit 
13 to the acetoin administration was not sufficiently large to be considered 
significant. 

The remainder of the acetoin tests, as well as the results obtained from 
the administration of sodium acetate, is summarized in Table III. Rabbits 


Taste I 
Loss of p-Aminobenzoic Acid (p-ABA) on Hydrolysis of Mixtures of Free and 
Acetylated p-Aminobenzoic Acid in Rabbit Urine 

The solution hydrolyzed consisted of the indicated amounts of free and acetylated 
p-aminobenzoic acid, 1 ec. of 4 Nn HCI, 0.6 ec. of 1:100 rabbit urine, and water to a 
total volume of 20 cc. After heating in boiling water for 1 hour, the solution was 
diluted to 25 ec. and analyzed. 

All concentrations are recorded in mg. per cent of free p-aminobenzoic acid in the 
final 25 cc. volume. 


p-ABA added Total p-ABA »-ABA loss, per 


- , . recovered cent of total 
Free Acetyl Total 
0.0952 0.0122 0.1074 0.1002 6.7 
0.084 0.0245 0.1085 0.1020 6.0 
0.0728 0.0306 0.1034 0.0965 6.65 
0.0728 0.0367 0.1095 0.1025 6.4 
0.0616 0.0429 0.1045 0.1002 4.1 
0.0616 0.0490 0.1106 0.1040 6.0 
0.0504 0.0551 0.1055 0.1000 5.2 
0.0504 0.0612 0.1116 0.1055 5.5 


Average........ 


2, 3, and 4 received a total of 3, 4.5, and 6 gm. of acetoin, and 3, 4, and 3 
gm. of sodium acetate respectively. In each of these tests, acetoin gave 
significant increases above the control levels in the percentage of p-amino- 
benzoic acid acetylated, whereas the acetate administration either had no 
effect or decreased the acetylation. Similar results were observed in three 
of the four remaining acetate tests, in which 6 gm. of sodium acetate were 
administered to Rabbits 5, 7, and 8, and 3 gm. to Rabbit 6. The one posi- 
tive response for acetate (Rabbit 7) seemed to be genuine and was dupli- 
cated a second time on the same animal. 

The results obtained on glucose administration are given in detail in 
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Free 


meg. 
165 
588 
695 
523 
561 
566 
618 
517 
667 
644 
547 
| 665 
528 
602 
600 
603 
722 
586 
649 
634 
346 
826 
| 863 
960 
706 
729 
857 
812 
800 
798 
616 
628 
«598 
681 
806 
805 





| 


mg. 
340 
900 
1141 
875 
946 
970 
974 
1140 
1044 
1030 
887 
950 
887 
875 
806 
891 
974 
1022 
981 
973 
956 
989 
1033 
1137 
949 
853 
1078 
990 
1018 
1043 
831 
901 
740 
823 
1026 
918 
1062 
935 
1248 
899 
1034 
852 
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Effect of Acetoin and 2,3-Butylene Glycol Administration on Acetylation of p-Amino- 
benzoic Acid by Rabbits 


p-ABA excreted 


p-ABA 
——| acetylated 
Total 


{——— 


per cent 
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Table IV in order to show the nature of the response. Rabbits 7 and 9 each 
received a total of 6 gm. of glucose. An increased acetylation was observed 
during the administration of glucose, but the maximum effect was obtained 
several days later; a progressive fall to the starting values took place during 
the following 2 weeks. Further tests with other substances were discon- 
tinued when it appeared that atypical responses were being obtained. 


TaBLe III 
Effect of Acetate and Acetoin Administration on Acetylation of p-Aminobenzoic Acid by 
Rabbits 
Rabbit No..... 2 3 4 5 6 8 7 Fi 
Weight, &g..... 2.3 1.7 2.0 2.3 1.7 2.2 2.0 
Per cent p-ABA acetylated 2 
Control 28 30 41 24 41 55 53 
Acetate. . 28 23 34 21 33 54 60 
Control. 22 29 43 17 49 
Acetoin. . 35 37 52 
TaBLe IV 
Effect of Glucose Administration on Acetylation of p-Aminobenzoic Acid by Rabbits 
Rabbit 7, 2.0 kilos Rabbit 9, 2.0 kilos 
Interval between tests Be a p-ABA excreted p-ABA p-ABA excreted |p ABA 
: = acetylated 2 . ~| acetylated 
Free Total | Free Total | 
days me. meg. per cent ms. me. “~ oat 
Aug. 27, 1942 490 905 46 667 92 , 31 
3 §22 | 919 | 43 | 602 928 35 
4 Glucose 365 | 853 57 | 522 943 45 
3 346 956 64 | 477 926 49 
4 | $72 922 60 | 596 1020 42 
3 493 955 48 610 1070 43 
a 543 1034 47 670 1111 40 
DISCUSSION 


The demonstration of a relationship between acetoin and the acetylating 
reaction is a further clarification of the metabolic pathway by which the 
acetylating agent is formed from carbohydrate. The individual steps from 
glycogen to pyruvate to acetoin have been defined, and the acetylating 
agent is apparently formed somewhere between acetoin and acetate in the 
metabolic pathway. Though direct evidence is lacking, the most probable 
substance that could fulfil the rédle of an acetylating agent is acetyl phos- 
phate (22, 23). 
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The relationship of acetate to the acetylation reaction is confusing. It 
had a stimulating effect on the acetylation of sulfanilamide by liver slices 
(12), but had no effect on the formation of acetylcholine in vitro (11). 
Some authors (15, 20, 24) have reported it to be effective in vivo in studies 
similar to those reported herein; others (17, 13) have found no effect from 
acetate administration. When deutero acetic acid was administered 
simultaneously with sulfanilamide or p-aminobenzoic acid, Bernhard (13) 
recovered a small part of the labeled acetate in the acetylated derivative; 
Erlenmeyer et al. (14) found none of the deutero acetic acid incorporated in 
the acetyl derivative. On the basis of the energy relationships involved, it 
is highly improbable that acetate itself could act as an acetylating agent. 
Such energy is usually supplied in biological reactions by the formation of 
an energy-rich phosphate bond (23). 

The increased acetylation resulting from insulin treatment (15, 16) could 
be attributed to increased pyruvate formation (25). Previously, the 
effect of insulin on alcohol metabolism was shown to be a pyruvate effect 
(26). A splitting of acetoacetate to acetyl phosphate would explain the 
acetylation effects observed with acetoacetate (12, 20, 24), and would pro- 
vide a means of forming the acetylating agent from fat. 


SUMMARY 


The colorimetric method developed by Bratton and Marshall for sul- 
fanilamide was utilized in the determination of p-aminobenzoic acid. 

The acetylation of p-aminobenzoic acid by rabbits was significantly in- 
creased by the administration of acetoin and 2,3-butylene glycol; sodium 
acetate either had no effect or decreased the acetylation in six out of seven 
rabbits tested. 

Glucose administration increased the acetylation, but the maximum effect 
was delayed several days, and the return to the starting level occurred over 
a period of 2 weeks. 


We are indebted to Dr. F. Visser’t Hooft of the Lucidol Corporation, 
Buffalo, for the acetoin used in these studies. 
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THE COUPLED OXIDATION-REDUCTION OF ALCOHOL AND 
PYRUVATE IN VIVO 


By W. W. WESTERFELD, ELMER STOTZ, ann ROBERT L. BERG 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, and the 
Biochemical Laboratory of the McLean Hospital, Waverley, Massachusetts) 


(Received for publication, April 26, 1943) 


The coupled oxidation-reduction of alcohol and pyruvate is a coenzyme- 
linked reaction in which both the oxidation of alcohol (1, 2) and reduction 
of pyruvate (3) are dependent upon diphosphopyridine nucleotide (cozy- 
mase or coenzyme I). In the presence of both substrates, their respective 
enzymes, and diphosphopyridine nucleotide, hydrogen is transferred from 
the alcohol to the pyruvate by means of the coenzyme until equilibrium is 
established. Under conditions which prevent the accumulation of end- 
products, the net result of the reaction is an oxidation of the alcohol to 
acetaldehyde and a reduction of the pyruvate to lactate according to the 
equation, 


CH;-CH,-OH + CH;-CO-COOH — CH;-CHO + CH;-CHOH-COOH 


Although this reaction has been demonstrated with liver slices in vitro by 
Leloir and Mujioz (4), it has never been established that this or similar 
coupled reactions actually occur in the intact organism. 

A recent investigation (5) showed that the administration of pyruvate 
accelerated the rate of alcohol metabolism. At that time, it was suggested 
that this pyruvate effect might be due to a condensation of the pyruvate 
with acetaldehyde (arising from oxidation of the alcohol) to give acetoin. 
It was also recognized that the pyruvate effect could be due to a coupled 
oxidation-reduction of the alcohol and pyruvate. 

The development of a satisfactory method for the estimation of small 
amounts of acetaldehyde in blood (6) provided the means for distinguish- 
ing between these two possible explanations, and the experiments herein 
reported clearly indicate that pyruvate increases the rate of alcohol metab- 
olism principally because it enters into a coupled oxidation-reduction reac- 
tion with the alcohol. This allows the alcohol to be oxidized to acetalde- 
hyde more rapidly than is apparently accomplished by direct reaction with 
oxygen. 


EXPERIMENTAL 


Blood Alcohol-Acetaldehyde Relations—A fasted dog was given approx- 
imately 2 cc. of alcohol per kilo in 20 per cent solution by stomach tube, and 
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a 5 hour interval was then allowed for complete distribution of the alcohol 
and the establishment of a constant rate of oxidation. Acetaldehyde 
levels were determined (6) in blood samples taken from the jugular vein 
during this control period and immediately after the intravenous injection 
of 2.5 gm. of sodium pyruvate. 

Following the ingestion of alcohol, the blood acetaldehyde increased from 
the trace normally present to the low value of about 0.05 mg. per cent, and 
it remained at approximately this level even when the blood alcohol con- 
centration rose to 185 mg. per cent. The changes that followed the in- 
travenous injection of sodium pyruvate are shown in Fig. 1. The admin- 
istration of pyruvate during alcohol metabolism caused a brief fall in the 
blood acetaldehyde level, possibly indicating a more rapid removal of the 
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Fia. 1. The effect of sodium pyruvate administration on the blood acetaldehyde 
concentration during alcohol metabolism. Dog 10M, 14.6 kilos, received 30 cc. of 
95 per cent alcohol orally 5 hours earlier. The blood alcohol concentration at 0 
time on the graph was 75 mg. per cent. 25 cc. of 10 per cent sodium pyruvate were 
injected intravenously, as indicated by the arrow. 


acetaldehyde, but this was soon followed by a much more pronounced 
increase. The rise cannot be attributed to the formation of acetaldehyde 
from the pyruvate administered, since much larger amounts of pyruvate 
were given to a dog that had received no alcohol without the appearance of 
any acetaldehyde in the blood. 

From a consideration of the increased blood acetaldehyde, together with 
the data previously published (5), it is apparent that the administration of 
pyruvate during alcohol metabolism caused an alteration in the metabolic 
relationships normally existing between pyruvate-lactate and alcohol- 
acetaldehyde; lactate and acetaldehyde were relatively increased at the 
expense of alcohol and pyruvate. These changes in all four components of 
the reaction, and especially the changes in opposite directions between 
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pyruvate and lactate and between alcohol and acetaldehyde, show that a 
dismutation reaction has taken place. 

Limiting Reaction in Alcohol M etabolism—It is axiomatic that, if pyruvate 
increases the rate of alcohol metabolism, it must do so by affecting that re- 
action which is normally the slowest one in the metabolic chain of equilibria 
reactions. If the rate of alcohol metabolism were normally limited by the 
maximum rate at which the alcohol could be oxidized to acetaldehyde, then 
pyruvate must affect this oxidation. Or if the rate were limited by the 
animal’s ability to remove acetaldehyde, then the increased rate obtained 
with pyruvate must be due to some effect of the pyruvate on the rate of 
acetaldehyde metabolism. An experiment was, therefore, devised to de- 
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Fic. 2. The metabolic removal of acetaldehyde injected intravenously during 
alcohol metabolism. Dog 13M, 14.6 kilos, received 35 cc. of 95 per cent alcohol 
orally 4 hours earlier. The rate of decrease of blood alcohol = 13.2 mg. per cent per 
hour. 50 ce. of 4 per cent acetaldehyde were injected intravenously, as indicated 


by the arrow. 


termine whether the oxidation of alcohol or the metabolism of acetaldehyde 
is normally the limiting reaction in alcohol metabolism. 

A dog was fed 2.33 cc. of alcohol per kilo and, after a 4 hour interval, the 
rates of decrease of blood alcohol (5) and acetaldehyde were established. 
2 gm. of acetaldehyde were then injected intravenously, with the results 
illustrated in Fig. 2. The amount of acetaldehyde administered was 
sufficient to raise the blood level at least 15 mg. per cent if it were com- 
pletely distributed throughout the body unaltered. Yet 3 minutes after 
the injection was completed, the blood level was less than 1 mg. per cent, 
and it had practically returned to the starting value within 30 minutes; the 
acetaldehyde was not reduced to alcohol, since the blood alcohol curve was 
unaltered. The essential point of the experiment is that this dog was able 
to metabolize not only the acetaldehyde produced from the oxidation of the 
aleohol but an additional 2 gm. superimposed upon it by injection without 
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affecting the established rate of alcohol metabolism. It proves quite 
clearly that a dog is able to metabolize acetaldehyde much more rapidly 
than it is being formed from the alcohol. The slowest reaction in alcohol 
metabolism, therefore, must be the oxidation of the alcohol itself to acetal- 
dehyde, and the pyruvate effect must be due to increasing the rate of this 
oxidation. The only possible mechanism known at present whereby this 
could be accomplished is through a coupled oxidation-reduction of the 
pyruvate and the alcohol. 

It is doubtful that a true equilibrium between alcohol and acetaldehyde 
exists in dogs, and this species apparently removes acetaldehyde about as 
rapidly as it can be formed from the alcohol. Blood acetaldehyde levels 
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Fic. 3. The metabolic removal of acetaldehyde injected intravenously during and 
in the absence of alcohol metabolism. Dog 10M, 14.6 kilos, was given 25 cc. of 4 per 
cent acetaldehyde intravenously during 6 to 7 minutes immediately preceding 0 
time. © indicates no alcohol administered; x, 30 cc. of 95 per cent alcohol were 
given orally 5 hours prior to the acetaldehyde injection. The blood alcohol con- 
centration at 0 time = 72 mg. per cent. 


did not parallel the alcohol concentration, and the elevation of the blood 
acetaldehyde by injection had no effect on the rate of alcohol oxidation. 

Acetaldehyde appeared to be very irritating by any route of administra- 
tion. When 5 gm. of acetaldehyde in 200 cc. of water were fed by stomach 
tube to 20 kilo dogs, no acetaldehyde or alcohol could be detected in any of 
the blood samples taken 8 to 80 minutes afterward and the dogs vomited 
within that period. When a 4 per cent solution of freshly redistilled acet- 
aldehyde in 0.9 per cent saline was injected intravenously, no alcohol was 
detected in the blood. The rate of acetaldehyde disappearance from the 
blood was not appreciably different whether or not the dog was metabolizing 
alcohol at the time of its administration (Fig. 3). Only negligible quanti- 
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ties of administered acetaldehyde appear to be excreted in the expired air 
and urine (7). 

Effect of Lactate on Blood Alcohol Curve—The effect of lactate adminis- 
tration on the alcohol curve is illustrated in Fig. 4. The experiments were 
conducted by the methods previously used in determining the pyruvate 
effect, and the curves illustrated in Fig. 4 were obtained upon the same dogs 
for which the pyruvate and alanine effects were previously published (5). 
The effect of lactate in different dogs was variable, but in no case did lactate 
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Fic. 4. The effect of dl-lactate on the disappearance of blood alcohol. Alcohol 
was administered in 20 per cent solution by stomach tube at 0 time. 10 gm. of 
sodium lactate in 125 ec. of water were given orally at the times indicated by the 
arrows. Curve II, Dog 2F, 9.8 kilos, received 25 cc. of alcohol. The rates of fall of 
blood alcohol were as follows: control = 9.0 mg. per cent per hour; after lactate, 
Ist hour = 9.0; 2nd and 3rd hour = 13.2; 4th hour = 16. Curve III, Dog 3M, 13.9 
kilos, received 35 cc. of alcohol. The rates of fall of blood alcohol were as follows: 
control = 9.7 mg. per cent per hour; after lactate, Ist and 2nd hour = 19; 3rd hour 
= 16. 


increase the rate of alcohol metabolism to the same extent as pyruvate, and 
the maximum effect that was obtained was sometimes delayed | or more 
hours. 

The results are best interpreted in accordance with the oxidation-reduc- 
tion mechanism. Some effect from the lactate might be expected after 
high blood levels of both lactate and pyruvate had been established. The 
increased pyruvate could then be utilized in the dismutation reaction with 
aleohol, but this reaction would be hindered so long as large amounts of 
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lactate were continually being absorbed into the blood stream. High 
lactate levels produced by the dismutation reaction itself would tend to 
hinder the reaction, and it was previously observed (5) that a second dose of 
pyruvate was usually less effective than the first. 


DISCUSSION 


The dismutation reaction observed in these studies occurs when an excess 
of pyruvate is administered during alcohol metabolism, but there are indica- 
tions from the data in the literature that this reaction also plays a réle 
under normal conditions. The increased blood lactate observed after al- 
cohol ingestion (8) could be derived from the dismutation reaction. The 
effect of simultaneous carbohydrate metabolism on the rate of alcohol 
metabolism (5, 9) must be obtained by affecting the rate of oxidation of 
alcohol to acetaldehyde. Although the dismutation reaction adequately 
explains many of the relationships between carbohydrate and alcohol 
metabolism, this reaction alone would not cause the depletion of the ear- 
bohydrate reserves observed during alcohol metabolism (10-12), since it 
does not involve an irreversible utilization of carbohydrate. 

The fate of the acetaldehyde produced by the oxidation of alcohol, either 
directly or through the dismutation reaction, has not been established, but 
the possibility of acetoin formation was suggested previously (5). The 
extremely rapid metabolism of acetaldehyde suggests a non-oxidative 
mechanism or a metabolism that is generally distributed throughout the 
tissues, rather than an oxidative reaction confined to the liver. The 
aldehyde mutase (13), which converts 2 moles of acetaldehyde to 1 mole of 
alcohol and 1 mole of acetic acid, apparently plays no major réle in the 
metabolism of acetaldehyde, since the injected acetaldehyde was metab- 
olized without evidence of the formation of any alcohol. 

Attempts to demonstrate acetoin formation directly have been unsue- 
cessful. Utilizing a method! by which blood acetoin will be detected ina 
concentration of 0.3 mg. per cent, we have been unable to find acetoin in 
this amount in dog blood normally or after the administration of pyruvate 
during or in the absence of alcohol metabolism. These negative results 
confirm those recently reported by Greenberg (14), but they do not elim- 
inate acetoin as a possible intermediate in alcohol metabolism. A later 
communication will describe the formation of acetoin from acetaldehyde. 


SUMMARY 


Evidence is presented indicating that the increased rate of alcohol 
metabolism resulting from pyruvate administration is due to a coupled 
oxidation-reduction reaction between the pyruvate and the alcohol. 


1 Stotz, E., unpublished data. 
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The metabolic relationships normally existing between pyruvate-lactate 
and alcohol-acetaldehyde were altered by the administration of pyruvate 
during alcohol metabolism; lactate and acetaldehyde were relatively 
increased at the expense of pyruvate and alcohol. 

The slowest reaction in alcohol metabolism was found to be the oxidation 
of alcohol itself to acetaldehyde, since a dog was able to metabolize acetal- 
dehyde much more rapidly than it was being formed from alcohol. 

Lactate administration usually increased the rate of alcohol metabolism, 
but the effect was smaller than that observed with pyruvate and was some- 
times delayed. 
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DETERMINATION OF NICOTINIC ACID 


By ROBERT G. MARTINEK,* ERNST R. KIRCH, anp GEORGE L. WEBSTER 


(From the Department of Chemistry, College of Pharmacy, University of Illinois, 
Chicago) 


(Received for publication, April 29, 1943) 


The discovery of the rdle of nicotinic acid as the antipellagra factor has 
stimulated work on its determination in various biologicals and food prod- 
ucts. The chemical methods of analysis for nicotinic acid (1-10) have 
been patterned primarily after those which have been used for the deter- 
mination of pyridine. A number of microbiological methods (11-13) have 
also been proposed for the determination of nicotinic acid, but they are 
more time-consuming than the chemical methods. The present investiga- 
tion was undertaken to evaluate the previously reported chemical and 
microbiological methods for the determination of nicotinic acid and its 
amide, and to investigate the possibility of improving the chemical methods 
of assay. 


EXPERIMENTAL 


Despite the wide-spread use of aniline in the cyanogen bromide-niacin 
reaction, this amine has certain very serious disadvantages for use in the 
assay of niacin. Various amines were allowed to react with cyanogen 
bromide and niacin in the same manner as for the reaction with aniline. 
Of the amines investigated, orthoform (m-amino-p-hydroxybenzoic acid 
methyl ester) was found to produce the most stable color. 

Reagents— 

1. 1 per cent orthoform (Winthrop) in 95 per cent alcohol. This solu- 
tion should be kept in the refrigerator in a dark colored bottle. 

2. 4 per cent cyanogen bromide in water. A cold, saturated bromine- 
water solution is carefully decolorized in the cold with 10 per cent sodium 
cyanide (analytical reagent), measured from a burette. This produces an 
approximately 4 per cent aqueous solution of cyanogen bromide. Care is 
taken to prevent having any large excess of the cyanide. This solution, 
in a dark colored bottle, is kept cold, when not in use, and is stable for 
long periods. 

3. Buffer solution. This is essentially the buffer employed by Waisman 
and Elvehjem (1), with 95 per cent alcohol substituted for absolute al- 


* The experimental data in this paper are taken from a thesis submitted by Robert 
G. Martinek in partial fulfilment of the requirement for the degree of Master of 
Seience in Chemistry in the Graduate School of the University of Illinois. 
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cohol. It consists of 988 ml. of water, 15 ml. of 15 per cent sodium hy- 
droxide, 5 ml. of 85 per cent phosphoric acid, and 175 ml. of 95 per cent 
alcohol. 

4. Standard nicotinic acid solution. This solution contains 0.010 gm. 
of nicotinic acid (Merck) per ml., and should be stored in the refrigerator. 
For assays, this solution is diluted so that there are 10 y of nicotinic acid 
per ml. 

Procedure—Solutions equivalent to 5 to 60 y of nicotinic acid are diluted 
to-6 ml. with distilled water. To each solution are then added 6 ml. of 
cyanogen bromide solution and 7 ml. of the buffer solution. All flasks 
are allowed to stand about 20 minutes (or are heated on the steam bath for 
5 minutes with a funnel in the neck of each flask to prevent evaporation), 
after which time 1 ml. of 1 per cent orthoform solution is added. After 


Per cent transmittance 





6 12 18 24 30 3% 42 48 54 «#60 
Micrograms of nicotinic acid 
Reference curve at 340ma 


Fia. 1. Standard reference curve for nicotinic acid 


5 minutes, and not longer than 15 minutes after the addition of the ortho- 
form, readings are made in a photometer, with the reagents with the ex- 
ception of the orthoform used as a blank. 

In the assay of extracts of various biological materials, however, it may 
be advisable, in some instances, to follow the suggestion of Melnick and 
Field (4) of measuring the increment in photometric density obtained by 
addition of known amounts of nicotinic acid to the extracts. 

Standard Curve—A standard reference curve, Fig. 1, is constructed on 
semilogarithmic paper, with per cent transmission plotted against micro- 
grams of nicotinic acid. Unknown values are interpolated from the stand- 


ard curve. 


Influence of pH on Reaction—Pure aqueous solutions of nicotinic acid | 
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were tested and the results are shown in Table I. It can be seen that, for 
100 per cent recovery, the pH must be maintained within the limits of 
6.2 to 7.05. If the solution becomes acid to a pH of 3.75, as much as 95 
per cent loss occurs, whereas, if the pH becomes as high as 8, about a 35 
per cent loss occurs. 


TaBie | 
Effect of pH on Reaction 
Each sample contained 60 Y of nicotinic acid. 























| in | 
SimieNo. | Bitter | Niacin | Percent | sample No. | Mater | Mica | Pet en 
i Ei, pee. | 2st } ie! ee a 
Y | Y 
1 | 375 | 30 | 50 | 8 | 6.69 | 60.0 | 100.0 
2 | 4.35 16.0 | 2.7 | 9 | 6.83 | 60.0 | 100.0 
3 4.89 | 21.5 | 935.8 10 | 7.05 | 60.0 | 100.0 
4 5.20 23.5 | 39.2 i “Sal 50.5 | 84.2 
5 5.41 32.0 | 53.5 2s OF eS | 44.5 | 74.2 
6 | 5.82 | 53.5 | 892 | 138 | 7.55 | 42.5 | 70.8 
7 | 6.20 | 60.0 100.0 | 14 | 7.95 | 39.0 | 65.0 
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Time in minutes 


Fic. 2. Comparative stability of color found with aniline and orthoform 


Time Required for Development of Maximum Color—Two series of ex- 
periments with aniline and orthoform respectively were carried out on 
60 y of nicotinic acid. Measurements of the per cent transmittance were 
made at intervals of from } to 30 minutes after the addition of the amine. 
The results are represented in Fig. 2. It can be seen that the color pro- 
duced with aniline reaches a maximum in 5 minutes and then rapidly fades. 
The orthoform-produced color, however, reaches a maximum in 5 minutes 
and is stable for at least 15 minutes. \ 














248 NICOTINIC ACID 


Specificity of Reaction—The one known vitamin, other than nicotinic 
acid, that contains the pyridine ring is pyridoxine or vitamin Be. This 
vitamin was found to yield no appreciable color in the cyanogen bromide 
color reaction with orthoform as the reagent. As many as 60 y of 2- 
aminopyridine produced only a very slight color in contrast to the color 
produced when aniline is used as the reagent, as reported by Waisman 
and Elvehjem (1). 

Assay of Nicotinic Acid in Yeast by Means of 1 Per Cent Orthoform 
Method—Y east extracts, prepared according to the technique of Waisman 
and Elvehjem (1) and decolorized with Darco G-60, were assayed for 


TABLE II 
Apparent Nicotinic Acid Values in Yeast 
Sample No. 4 per cent aniline 1 per cent orthoform Microbiological assay 
y | mg. per 100 em. | sug. Per 100 gm. | smug. per 100 em, 
l | 2.90 2.97 2.12 
2 2.43 3.18 3.31 
3 2.30 | 2.10 | 2.19 
4 3.54 3.11 3.41 
TABLE III 
Determinations of Nicotinamide in Commercial Sample (25.0 Mg. per Liter on Label) 
Found 
Lot sample No. a ‘ ; ™ = onli 
4 per cent aniline 1 per cent orthoform 
. mg. per |. meg. per |. 
l 23.0 23.0 
2 23.5 21.5 
3 22.0 21.0 
4 21.0 23.0 


nicotinic acid with orthoform as the chromogenic amine. For the purpose 
of evaluation and comparison, the chemical assay with aniline, as modified 
by Waisman and Elvehjem (1), and the Landy and Dicken (13) micro- 
biological assay were performed on the same extracts. Results are shown 
in Table II. 

Assay of Nicotinic Acid in Commercial Sample by Means of 1 Per Cent 
Orthoform Method—An intravenous solution, containing, according to the 
label, dextrose vu.s.p. 50.0 gm., sodium chloride v.s.p. 9.0 gm., thiamine 
hydrochloride v.s.p. 3 mg., riboflavin 3 mg., nicotinamide 25 mg. per liter, 
was assayed for nicotinic acid. 
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The assay procedure was as follows: The color due to the riboflavin 
was first destroyed by exposure of a portion of the solution to the light 
of a 100 watt bulb for 48 hours. A portion of the solution was then sub- 
jected to hydrolysis with 0.1 n HCl in an autoclave at 15 pounds for 15 
minutes in order to convert all the amide to the free acid. The resulting 
hydrolysate was made up to volume in a volumetric flask, and then aliquots 
equivalent to from 25 to 50 y of nicotinic acid were assayed with orthoform 
as the amine. 

The same procedure of assay was then repeated with 1 ml. of 4 per cent 
aniline in alcohol in place of the 1 ml. of 1 per cent orthoform in alcohol. 
The results are shown in Table ITT. 


SUMMARY 


The use of orthoform as a chromogenic amine in the cyanogen bromide- 
niacin reaction has been studied and found to make the method less critical 
with respect to pH control and time of comparison of the color, with no 
loss of accuracy. 
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THE RELATIONSHIP OF EXTINCTION TO WAVE-LENGTH IN 
TURBID SERA AND OTHER SUSPENSIONS 


By OLIVER HENRY GAEBLER 
(From the Department of Laboratories, Henry Ford Hospital, Detroit) 


(Received for publication, May 3, 1943) 


The purpose of this study was to determine whether the turbidity of 
blood sera, measured in a spectrophotometer, is systematically related to 
wave-length, so that the error introduced at a point where extinction! of 
an added dye or a colored constituent of the serum is measured might be 
computed from determinations of turbidity made in other regions of the 
spectrum. The writer was interested in applying such information in 
determinations of plasma volume, but the results obtained are also of 
interest in other connections. 

Suspensions of coarse particles, which reflect light, may have the same 
extinction at widely different wave-lengths. Minute particles, on the 
other hand, produce excessive scattering of the blue end of the spectrum. 
This is mathematically expressed in Rayleigh’s law (1). For class pur- 
poses one may demonstrate the fact without a spectrophotometer by nearly 
filling a 100 cc. flask with water and adding 1 cc. each of the silver nitrate 
and ammonium thiocyanate solutions used for determination of chloride 
in urine. The fine precipitate which forms in the absence of nitric acid 
looks bluish in reflected light. But if the flask is held between the observer 
and the white bowl of a light, immediately after the thiocyanate is added, 
the image of the bow] will change through yellow to red before it is obscured 
entirely. 

In sera, turbidities produced by physiological lipemia and other causes 
are due to particles which are small enough to scatter light in this way. 
That a linear relationship might exist between the logarithm of extinction 
and the negative logarithm of wave-length was suspected, since there are 
formulae in which the fraction of light scattered by minute particles and 
the turbidity are related to the inverse fourth power of the wave-length (1). 
The expected relationship was observed in the instances discussed below. 
Less convenient though equally systematic relationships were observed in 
the cases of other suspensions or more concentrated preparations. 


The term optical density is commonly used in place of extinction to signify 
log (Io/I), Zo being the intensity of incident light and J the intensity of transmitted 
light. 
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252 CORRECTION FOR SERUM TURBIDITY 


EXPERIMENTAL 


Suspensions of protein precipitated with sulfosalicylic acid and sodium 
sulfate (Exton’s reagent) may be considered first. This artificial suspen- 
sion permits direct measurements of turbidity in parts of the spectrum 
where hemoglobin and bilirubin interfere with measurements in sera. The 
procedure was as follows: Three dog sera which contained very little hemo- 
globin were diluted 120 to 200 times with 0.8 per cent sodium chloride 
solution. 1 volume of diluted serum was mixed with 1 volume of Exton’s 
reagent, which contained 50 gm. of sulfosalicylic acid and 88 gm. of an- 
hydrous sodium sulfate per liter, but no indicator. The extinction at 
various wave-lengths was measured in a Beckman spectrophotometer (2). 
The blank consisted of equal parts of 0.8 per cent sodium chloride solution 
and Exton’s reagent. It was necessary to mix the suspensions before each 
measurement, for they flocculate and settle appreciably. The results are 
shown in Fig. 1, and indicate a linear relationship between the logarithm 
of extinction and the negative logarithm of the wave-length, from 1000 mg 
in the infra-red to 350 my in the ultraviolet. Below the latter point sulfo- 
salicylic acid solutions of this concentration do not transmit, and for some 
distance above it the concentration of this substance in the blank and the 
unknown must be the same. 

Serum turbidities which are not due to blood cells or other large particles 
that a centrifuge will remove also follow the above rule. If hemolysis is 
not sufficient to interfere, the relationship between the negative logarithm 
of wave-length and the logarithm of density is linear between 1000 and 
600 mu. This is shown in Fig. 2. At shorter wave-lengths the spectra 
of bile pigments and oxyhemoglobin (which is readily found in “unhemo- 
lyzed”’ sera) interfere with direct measurement of turbidity. Evans’ blue 
shows maximal absorption at 620 my (3), and dog sera containing it show 
maximal absorption at about 630 mu. Thus Fig. 2 covers the region of 
interest in this case. 

In the concentrations commonly employed, Evans’ blue in serum shows 
negligible absorption at 750 my, especially if the sera are diluted, as in a 
method which the writer uses. With salt solution as a blank, one can there- 
fore measure the density of dyed sera at 1000, 900, 800, and 750 my, plot 
the values as in Fig. 2, and graphically determine the correction to be sub- 
tracted from the observed density at 630 mu by projecting the line to that 
point on the graph. The writer found this method applicable to many 
turbid sera, but two facts limit its general usefulness. Many instruments 
are not adapted for measurements in the infra-red, and compounds such as 
oxyhemoglobin have irregular absorption spectra in this region. The 
graphical method must then give way to an algebraic one in which factors 
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derived from the data in Fig. 2 are employed. Details of this will be pub- 
lished elsewhere, and only the principle need be mentioned here. 

Two colored substances with overlapping absorption spectra can be 
determined in the presence of one another under certain conditions. The 
substances must not react with each other, and the ratio between extinc- 
tions at two points in the spectrum must be quite different for each sub- 
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Fic. 1. Suspensions prepared by precipitating diluted sera with sulfosalicylic 
acid and sodium sulfate were compared with a blank containing the same concentra- 
tion of the precipitants. A linear relationship between the logarithm of optical 
density and the negative logarithm of wave-length was observed. 

Fic. 2. The relationship between the logarithm of optical density and the negative 
logarithm of wave-length is shown in the case of turbid sera. Curves 1, 2, and 3 are 
plotted on the upper scale. The material included four turbid sera from dogs in the 
postabsorptive state, which had received 42 per cent of their calories in the form of fat 
(Curves 2, 3, 4, and 7), and two dog sera which became turbid on standing 12 hours in 
the refrigerator (Curves 1 and6). In all of these cases 1 volume of serum was diluted 
with 1 volume of 0.8 per cent sodium chloride solution, and the salt solution was used 
as the blank in the spectrophotometric readings. In one case (Curve 5) turbid dog 
serum obtained 3 hours after a high fat meal was diluted as already stated and read 
against similarly diluted clear serum obtained before the meal. Curve 8 represents 
an undiluted, turbid dog serum read against the same serum diluted with an equal 
volume of salt solution. 


stance. In Fig. 2 it is apparent that the slope of the lines is very similar. 
In other words, the ratio of extinctions at two or more points in the spec- 
trum may be as constant for a given turbidity as for a given color. Under 
these circumstances determination of a colored substance in the presence 
of unavoidable turbidity can be made in the same manner that one deter- 
mines two colored substances in the presence of one another (3). 
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SUMMARY 


Dog sera in which turbidity was due to physiological lipemia and other 
causes were examined in a photoelectric spectrophotometer. Analysis of 
the data showed that the logarithm of the extinction was related in a linear 
manner to the negative logarithm of the wave-length. This was also true 
in the case of turbid suspensions made by precipitating greatly diluted 
serum with sulfosalicylic acid and sodium sulfate. The value of this 
relationship in correcting for turbidity is discussed. 
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THE COLORIMETRIC ESTIMATION OF AMINO NITROGEN 
IN BLOOD* ; 


By ELIZABETH G. FRAME, JANE A. RUSSELL, anp ALFRED E,. WILHELMI 


(From the Department of Physiological Chemistry, Yale University School of Medicine, 
New Haven) 


(Received for publication, May 4, 1943) 


The best available methods for the determination of amino acid nitrogen, 
the nitrous acid manometric and the ninhydrin manometric and titrimetric 
procedures, require even in their submicro modifications at least 40 y of 
amino nitrogen per sample and are more satisfactory when larger amounts 
are used. They are therefore unsuited for use with very small samples of 
blood, such as may be obtained serially from small laboratory animals. 
To fulfil this requirement we have developed a colorimetric method which 
may be used to determine 4 to 40 y of amino nitrogen per sample, with a 
precision usually of 1 to 2 per cent. Duplicate analyses may be made upon 
0.2 ml. of blood. While the method is not as specific as the ninhydrin re- 
action, its simplicity and convenience make it useful in circumstances 
when the greatest precision is not required. 

The method depends upon the combination of amino nitrogen groups 
with 8-naphthoquinone sulfonate in alkaline solution to form highly colored 
compounds, orange-red in acid solution, which may be determined color- 
imetrically (1). The method originally described by Folin for the estima- 
tion of amino acid nitrogen in blood required 2 ml. of blood for duplicate 
determinations and 20 to 24 hours for color development. According to 
Van Slyke and Kirk (2) and others, the estimation of amino nitrogen by 
this procedure was incomplete. The accuracy of the method was much 
improved by Danielson (3), who modified the conditions of color develop- 
ment and the reagents used for bleaching the excess naphthoquinone. 
Sahyun (4) hastened the reaction and probably made it more complete by 
heating the reaction mixture during color development. Although he 
found it possible to apply the method to 0.2 ml. of blood (for duplicates), 
he recommended using larger samples. In all of these procedures a 
Duboseq type of colorimeter was employed, with resulting inaccuracies 
due to a large blank color and to differences in hue produced by different 
amino acids and amino acid mixtures. The specificity of the reaction as 
carried out by the modified procedures was not investigated. 


* Part of the material in this paper was included in a thesis presented by Elizabeth 
G. Frame to the faculty of the Graduate School, Yale University, in partial satisfac- 
tion of the requirements for the degree of Doctor of Philosophy. 
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The present procedure embodies with modifications certain of the con- 
ditions recommended by Danielson and by Sahyun. The absorption 
spectra of the amino acid-napththoquinone compounds have been studied, 
and the method has been adapted to the photoelectric colorimeter. The 
individual amino acids were compared quantitatively, and most of them 
were found to give nearly identical results with respect to their free amino 
nitrogen content. In addition a number of other nitrogen-containing sub- 
stances have been tested in order to determine the specificity of the reaction 
under the conditions described here. The method applied to blood hag 
shown good agreement with the Van Slyke nitrous acid method and satis- 
factory recovery of added amino acid nitrogen. 


EXPERIMENTAL 


Reagents and Apparatus— 

Sodium §-naphthoquinone-4-sulfonate, 0.5 per cent solution, freshly 
prepared within an hour before use. 

Sodium tetraborate (borax), 1 per cent solution. 

Sodium hydroxide, 0.1 N. 

Phenolphthalein, 0.25 per cent alcoholic solution. 

Acid-formaldehyde; 3 parts of 1.5 N hydrochloric acid, 1 part of glacial 
acetic acid, and 4 parts of 0.15 m formaldehyde (11.3 ml. of 40 per cent 
formaldehyde diluted to 1 liter). 

Sodium thiosulfate, 0.1 N. 

Stock standard amino acid solution; 0.2 mg. of amino nitrogen per ml., 
dissolved in a solution of 0.2 per cent sodium benzoate in 0.7 n hydro- 
chlorie acid. 

In the method as described an Evelyn photoelectric colorimeter is em- 
ployed in conjunction with Rubicon Filter 490 or, in certain circumstances, 
Filter 520. The entire procedure may be carried out in test-tubes cali- 
brated at 15 ml., or in calibrated colorimeter tubes. 

Color Development—To a sample of the unknown solution, containing 
preferably 8 to 30 y of amino nitrogen, add water if necessary to a volume 
of about 5 ml. Add 1 drop of phenolphthalein solution to the sample and 
then add 0.1 n sodium hydroxide drop by drop until a permanent pink 
color is established. Adjust the pH by adding 1 ml. of the borax solution 
(or of a borate buffer, pH 9.2 to 9.4). Then add 1 ml. of the freshly pre- 
pared naphthoquinone solution. Mix the contents of the tube, place it 
immediately in a briskly boiling water bath, and heat for 10 minutes. 
After heating, place the tube in cold water for about 5 minutes. To acidify 
the mixture and to decolorize the excess naphthoquinone first add 1 ml. 
of the acid-formaldehyde solution and mix, and then add 1 ml. of 0.1 N 
sodium thiosulfate. Make up to 15 ml. with water, mix, and let stand 





tion 
ied, 
The 


1ino 
ub- 


tion 


tis- 


hly 


cial 
ent 








FRAME, RUSSELL, AND WILHELMI 257 


for 10 to 30 minutes. Read in a colorimeter, using preferably a 480 or 
490 my filter. For the initial setting of the colorimeter a reagent blank 
should be prepared. Under the conditions described here, the bleaching 
of the excess quinone is not quite complete, the blank being pale yellow in 
color. However, if the conditions of analysis are well standardized, the 
absorption of the blank is quite constant in value. Small variations may 
oecur owing to differences in heating and in the time and temperature of 
cooling; so that for accurate results blank tubes should be prepared simul- 
taneously with each group of unknown samples. Duplicate determinations 
by this procedure agree almost invariably within 3 per cent and usually 
within 1 or 2 per cent. 

The reaction must be carried out at pH 9.2 to 9.4, much less color being 
developed outside this range. A drop or two of 0.1 N sodium hydroxide 
added in excess during neutralization does not affect color development, 
but incomplete neutralization (to a faint or transient pink color with 
phenolphthalein) leads to low results. The volume of the sample should 
not exceed 5 ml. by more than a few tenths of a ml.; so that if the solution 
to be analyzed is strongly acid, more concentrated alkali should be used 
before the final neutralization with 0.1 N sodium hydroxide. 

Heating 10 minutes was found sufficient for full color development with 
mixtures of amino acids as found in blood filtrates and casein hydrolysates 
and with most of the pure amino acids. About 90 per cent of the color is 
obtained after 5 minutes, and no additional color is developed after 15 
minutes. The blank color is, however, considerably increased with longer 
heating. Accordingly, the 10 minute period has been used in routine 
determinations. Heating 10 minutes is not quite sufficient for full color 
development with two amino acids, arginine and leucine; a 15 minute period 
might therefore be recommended if an unusually high content of either of 
these amino acids was present in the sample being analyzed. 

The naphthoquinone solution must be freshly prepared, at least within 
an hour of being used. On standing, in contact with alkali especially, 
changes take place which make incomplete the subsequent decolorizing of 
the blank. For this reason the color reagent should be added to the sam- 
ples not more than a few minutes before the heating is begun, and the 
length of the cooling period should be short. The bleaching of the excess 
quinorfe is complete in about 10 minutes. The amino acid-quinone com- 
plex is only slowly affected, beginning to fade perceptibly about 30 minutes 
after the addition of the thiosulfate. 

After the addition of acid and thiosulfate the colored solutions usually 
remain perfectly clear for some hours. Occasionally some cloudiness may 
develop soon after bleaching, owing probably to the precipitation of sulfur 
from the thiosulfate in acid solution. It has been found by others using 
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the method that the development of cloudiness may be prevented by the 
addition of a drop of 4 per cent Duponol (WA) to the mixture before 
acidification. 

The presence of traces of chromic acid on the glassware leads to irregular 
results. If a chromic acid cleaning agent has been used, the glassware 
should be well rinsed in an alkaline wash solution. 

Color Measurement—Since the accuracy of photometric methods depends 
upon a correct choice of light filter, it is necessary to know the spectral 
characteristics of the colored substance to be measured. Moreover, in the 
estimation of amino nitrogen one is usually dealing with mixtures of differ- 
ent substances, and assurance is required that the several substances yield 
compounds with similar absorption maxima. Accordingly, the absorption 
spectra of the colored substances produced in combination with 6-naphtho- 
quinone sulfonate by seventeen amino acids and by blood filtrates were 
determined with a Coleman universal spectrophotometer. Readings 
were made at 10 my intervals over the range 360 to 700 mu. The amino 
acids tested were alanine, arginine, aspartic acid, cystine, glutamic acid, 
glycine, histidine, hydroxyproline, leucine, lysine, methionine, ornithine, 
phenylalanine, serine, threonine, tryptophane, and tyrosine. The samples 
contained about 16 y of amino nitrogen and were dissolved in acid benzoate 
solution as described in the preparation of the standard curve. 

The absorption spectra of the amino acid compounds all resemble one 
another closely. A few of the curves representative of most of the amino 
acids studied are presented in Figs. 1 and 2, the less typical curves in Fig. 3. 
The absorption maximum very near 480 my is characteristic of all the 
curves, which differ mainly in the relative amounts of absorption shown in 
the descending limbs. None of these differences is great enough to permit 
the estimation of any single amino acid in a mixture; they are responsible, 
however, for the variations in shade of the different colors as observed by 
the eye. The diamino acids lysine and ornithine exhibit almost identical 
curves, having a notched peak with one maximum at 480 mu and the other 
at 500 mu. Hydroxyproline is also exceptional for its low degree of ab- 
sorption and for a second, lower peak at 450 mu. The curve for proline 
was not determined, but it is probably similar to that of hydroxyproline, 
since the analytical behavior of the two compounds is almost identical. 
The absorption spectrum of the color developed with blood filtratés con- 
forms closely to that of the major group of the amino acids. 

From the absorption spectra it is clear that the filter of choice for the 
measurement of this color would be one with maximum light transmission 
at 480 mu. We have successfully used Rubicon Filter 490, which transmits 
light of wave-lengths 465 to 530 my, and under certain circumstances, 
Filter 520 (495 to 550 my). The latter filter is not particularly recom- 
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mended; but data on its use are included because at present a full selection 
of filters may not be available, and because in some early work we employed 
this filter. As would be expected from the absorption spectra, Filter 520 
is less sensitive to differences in amino nitrogen content and more sensitive 
to the differences in relative absorption shown by the individual amino 
acids. When constant amounts of the single amino acids are compared 
with an equivalent standard containing glycine and glutamic acid, the 
variations in amount of color with Filter 520 are mostly between 85 and 
115 per cent of the standard and are about equally divided in positive and 
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Fic. 1. The absorption spectra of the compounds formed by the reaction of gluta- 
mic acid (solid line) and of alanine (broken line) with 8-naphthoquinone sulfonate, 
corrected for the absorption of the reagent blank. 


negative directions (Table I). The color developed by complete mixtures 
of amino acids might therefore be expected to be fairly comparable, when 
measured with Filter 520, to that of a mixed standard of the same amino 
nitrogen content. In a series of fifteen determinations of amino nitrogen 
in blood filtrates which were made with Filters 490 and 520, the results 
obtained at the two wave-lengths disagreed only slightly. The differences 
ranged from —2.3 to +5.9 per cent of the values obtained at 490 my. The 
average difference was +1.9 per cent, or, in terms of amino nitrogen at the 
usual levels in blood, about 0.2 mg. per cent. Filter 520 might therefore 
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Fic. 2. The absorption spectra of the compounds formed by the reactions of 
methionine (solid line), tyrosine (broken line), and histidine (dotted line) with 
8-naphthoquinone sulfonate. 
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Fic. 3. The absorption spectra of the less typical amino acid compounds of 8- 
naphthoquinone sulfonate with lysine (solid line), threonine (broken line), and 
hydroxyproline (dotted line). 
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be used for comparative measurements of similar blood filtrates with but 
little loss in accuracy. 

Standard Curve—Any one of a number of amino acids can be used as a 
standard, if the colors of standard and unknown are compared at 490 mu 
(Table I). Danielson recommended as a standard an equimolar mixture 
of glycine and glutamic acid, because its color closely matches in shade 
that formed by blood filtrates. This mixed standard has been used in 
most of our work, primarily because in the early phases of the investiga- 
tion we did not have complete spectroscopic data on the colors produced 
in the reaction, and we wished to have as close correspondence as possible 
between the colors of the standard and unknown solutions. The stock 
solution of the mixed standard consists of 53.6 mg. of glycine and 105 mg. 
of glutamic acid made to 100 ml. in a solution of 0.2 per cent sodium 
benzoate in 0.07 n hydrochloric acid; it contains 0.200 mg. of amino nitro- 
gen per ml. For use as a standard to be prepared simultaneously with 
unknowns or in the preparation of a standard curve, the stock solution may 
be diluted as required either with water or with acid benzoate. If water 
is used, the reagent blank need contain only water, since small amounts of 
acid benzoate do not affect the light absorption of the blank. 

The color produced in this reaction is sufficiently reproducible, for most 
purposes, for preparing a standard curve and the results of analyses may be 
calculated by reference to this curve. For this calculation, the galvanom- 
eter readings (@) obtained from the Evelyn colorimeter are first converted 
to L (density) values by reference to the L/G table. The amount of amino 
nitrogen present in the sample may then be calculated from this value by 
the use of a regression equation derived from the standard data. Fig. 4 
shows the regression lines obtained from glycine-glutamic acid standards 
(4 to 30 y) read with Filters 490 and 520. Micrograms of amino nitrogen 
are plotted against L (= 2 — log G@). There is an exact straight line rela- 
tionship between the amount of amino nitrogen and intensity of color 
developed throughout the accurate range of the colorimeter. 

Comparison of Individual Amino Acids—Twenty-one amino acids and 
some derivatives of amino acids were compared with the glycine-glutamic 
acid standard in the reaction carried out as described above. Readings 
were made with Filters 490 and 520. Three or more determinations were 
made in each instance, usually simultaneously with standards. The re- 
sults are presented in Table I. Most of the individual amino acids gave 
nearly identical results with respect to their a-amino nitrogen content 
when Filter 490 was used. Exceptions to this agreement were the following: 
Both amino groups of lysine and ornithine appeared to react quantitatively 
with the naphthoquinone reagent. Arginine is somewhat slow to react, 
giving 90 per cent of its color after a 10 minute heating period but yielding 
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theoretical results for its a-amino nitrogen content after 15 minutes of 
heating. Histidine, leucine, and valine gave 90 to 93 per cent of their 
theoretical a-amino nitrogen content; with leucine only, the color was 
increased (to 96 per cent) by further heating. The color produced with 
the latter amino acids was more yellow than in the majority of cases, and 
their absorption curves exhibit a sharp descent on the red side from the 
peak at 480 my. It is probable that these amino acids would yield more 
nearly theoretical values if a filter with its principal transmission at 480 
my instead of at 490 my were used. The nitrogen of proline and hydroxy- 
proline, which is in the imino form, gave only half the color to be expected 
from amino nitrogen. Interestingly, with these two compounds the reac- 
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Fic. 4. The relationship of color intensity (L = 2 — log G) to the amount of amino 
acid nitrogen in an equimolar mixture of glycine and glutamic acid. The regression 
equations of the standard curves, where Y = micrograms of amino nitrogen, are as 
follows: with Filter 490 Y = 38.34 + 0.594; with Filter 520 Y = 47.53 + 0.671. 


tion is very rapid, being completed in the cold in the course of minutes. 
Thyroxine yields a colored precipitate on acidification, but at low concen- 
trations the precipitation could be largely delayed in the presence of 
Duponol, so that an approximate reading of the color, about 85 per cent 
of theoretical, could be obtained. Alanine gave somewhat more color than 
the standard mixture. 

Peptide and amide nitrogen do not appear to react with the naphtho- 
quinone reagent. Moreover, the free a-amino nitrogen of the amides and 
peptides tested, except glutathione, did not develop full color. The reason 
for this apparent inhibition is not clear. Among the peptides, the prox- 
imity of a free carboxyl group may influence the intensity of color. 
Tyrosylglycinamide, which has no free carboxyl group, was the least 
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chromogenic, while glutathione, an abnormal peptide in that it contains 
free amino and carboxyl groups on the same carbon atom, was fully 
reactive. 

Reactions of Other Nitrogenous Substances—A number of nitrogen-con- 
taining substances other than amino acids were tested for the possibility 


TaBLe | 
Determination of Individual Amino Acids 


12 y of amino nitrogen were used in each sample. 


| Amino nitrogen 


measured, | Amino nitrogen measured, 
per cent of per cent of standard 
Amino acid oe Amino acid 
| With | With | - Jp oe 
| Filter Filter | Filter | With Filter 520 
490 520 | | 490 
—_— , EE Sharks Snes erty: 
Glycine-glutamic acid | 100 | 100 | Threonine | 100 109 
standard | Thyroxine 86 | 75 (Ppts.) 
Alanine 108 | 108 | Tryptophane /101 | 101 
Arginine 92 86 | Tyrosine | 100 | 89 
% heated 15 min.| 100 97 | Valine 93 | 70 
Aspartic acid no an q Amino acid derivatives* ; | 
Cysteine 100 | 104 |. 9 a eeeese 
Cystine 99 | 107 | Asparagine | 86 78 
Glutamic acid 100 96 | Glutamine | 70 | 68 
Glycine 100 | 108 | Glutathione (100 | 94 
Histidine 92. 88 | Glyeylglycine | 81 | 9 
Hydroxyproline 51 36 | Leucylglycylglycine | 66 | 55 
Leucine 90 77 | Tyrosylglycinamide | 50 | 54 
* heated 15 min. 96 85 | Glycine anhydride Le 0 
Lysine 216 | 236 | Hippuric acid Son 0 
Methionine 100 88 | Carbobenzoxytyrosin- 0 | 0 
Ornithine 200 | 234 | amide 
Phenylalanine 100 85 | Carbobenzoxygluta- 0 0 
Proline 45 37 | myltyrosine 
Serine 99 94 


* To calculate the results of these analyses, the compounds were considered to 
contain one free amino group per molecule. In the last four cases, larger amounts 
than 12 y of nitrogen were also used; less than 1 per cent of the nitrogen in each 
compound reacted as amino nitrogen. 


of their interference with the determination of amino acids, or because of 
their theoretical interest. The results of most of these tests are shown in 
Table II. Under the conditions of this test, the quinone appeared to react 
not at all or to a very slight extent only with amide nitrogen, peptide 
nitrogen, tertiary amines, the unsaturated pyrimidine, pyridine, purine, 
imidazole, and thiazole rings, guanidino groups, urea, creatine, creatinine, 
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TABLE II 


Reactions of Substances Other Than Amino Acids (Filter 490) 








Substance a oe = Amino nitrogen determined 
me. Y Y per cent of N* present 
Ammonia 0.195 | 16 7 58 (Variable) 
Urea ..| 0.535 | 250 1.3 0.5 
Creatine... .| 2.34 750 1.9 0.2 
Creatinine 2.02 750 1.7 0.2 
Uric acid 0.150 50 14.1 28 
Allantoin ' 0.710 | 250 33 13 
Uracil 0.400 100 0.0 0.0 
Adenine sulfate 0.986 | 375 (75) | 0.0 0.0 
Guanine chloride 0.401 150 (30) 1.7 1.1 (6) 
Hypoxanthine 0.121 50 0.0 0.0 
Thiamine chloride 5.37 1000 (250) 12.0 1.2 (5) 
Nicotinic acid 2.20 250 0.0 0.0 
Primary aliphatic amines 
Hydroxylamine chloride 0.080 16 4 25 (Variable) 
Tyramine 0.118 12 7.6 63 
Histamine hydrochloride 0.126 36 «—((12) 8.9 (74) 
Benzedrine sulfate 0.270; 2 12.9 65 
Cobefrin chloride 0.314 20 18.0 90 
Secondary amines 
Dimethylamine chloride 1.84 316 23 7 (Variable) 
Ephedrine sulfate 0.290 20 9.1 46 
Adrenalin chloride Hien OD 20 20 100 (Approximate) 
Tertiary amines 
Trimethylamine chloride (see 
also Procaine)............ 1.70 | 250 4 2 (Variable; pos- 
sibly contam- 
inated with 
ammonia) 
Amides and substituted amides 
(—CO—N H—) ; 
Acetamide..... 0.140 33 0.0 0.0 
Acetanilide 0.193 20 0.0 0.0 
Acetylsulfanilamide 0.266 (20) 2.1 (10) 
Succinylsulfathiazole 0.508 (20) 1.1 (5) 
Primary aromatic amines 
Aniline 0.105 16 16.0 100 
p-Aminobenzoic acid... 0.117 12 11.2 93 (Ppts.) 
p-Aminoacetophenone.... 0.194 20 (Insoluble) 
Sulfanilie acid ; 0.300 20 25.1 125 


Procaine chloride (also con- 
tains a tertiary amine group) 0.232 24 (12) | 10.1 (84) 
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Tarsite II—Concluded 


‘Amount | x; oe. 
of | Nitrogen* in Amino nitrogen determined 


Substance | edee | sample 

| mg. Y ¥ per cent of N* present 
Orthoform.. ae = san 20 9.5 47 
Arsphenamine dichloride 0.316 | 20 35.7 178 
Mapharsen....... 0.317 | 22.5 35.3 157 
Sulfanilamide. . ..| 0.246 | (20) 19.2 (96 ) 
Sulfapyridine. al 0.356 | (20) 23.0 (115) 
Sulfathiazole 0.365 (20) 24.6 (123) 
Sulfadiazine 0.357 (20) 22.3 (112) 
Sulfamerizine 0.378 (20) 23.7 (118) 
Sulfaguanidine 0.360 | (20) 17.8 (89) 


* Figures in parentheses refer to amino nitrogen and per cent of amino nitrogen. 
For the sulfonamide derivatives, these figures refer to the p-amino group on the 
benzene ring. 


and the amino purines. Besides reacting with all amino acids, the quinone 
yields similar but less intense colors with ammonia and primary aliphatic 
amines and some secondary amines. Primary aromatic amines react 
easily, yielding as much color as the amino acids; often the reaction takes 
place quickly at room temperature. In addition, uric acid and allantoin 
form compounds which are red in acid solution. When these substances 
are compared with amino acid standards at 490 my, 28 per cent of the uric 
acid nitrogen and 13 per cent of the allantoin nitrogen appear as amino 
nitrogen. At 520 mu, the equivalence is 38 and 69 per cent respectively. 

The principal substances which occur naturally and which might lead to 
erroneous results in the estimation of amino acid nitrogen by this method 
are ammonia, uric acid, and allantoin. In blood and most tissues, none of 
these compounds is ordinarily in sufficient quantity to interfere seriously. 
Uric acid, the most concentrated of these compounds in blood, yields a 
color equivalent to 0.1 mg. per cent of amino nitrogen when it is present in 
a concentration of 1.0 mg. per cent. A correction may be applied when 
amino acid nitrogen is determined in bloods very high in uric acid. This 
method of estimating amino nitrogen could be applied to human urine only 
after the removal of ammonia! and of urie acid. In the urine of animals, 
allantoin would also interfere. 

Since aromatic amines react with the quinone reagent, the presence in 
bleod of unconjugated aminobenzenesulfonamide derivatives would aug- 

' Permutit, which has been recommended for the removal of ammonia prior to 


the estimation of amino acids, was found in one experiment to remove a large part 
of the amino nitrogen from a mixture of amino acids. 
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ment the amino acid values obtained by this method. However, only 5 
to 8 per cent of the aminosulfonamides by weight is recorded as amino 
nitrogen (a level of 10 mg. per cent of free sulfanilamide in blood being 
equivalent to 0.8 mg. per cent of amino acid nitrogen) ; so that interference 
from this source is not extremely serious. Appropriate correctoins may 
of course be applied when necessary. The conjugated sulfonamides, such 
as acetylsulfanilamide or succinylsulfathiazole (sulfasuxidine), are rela- 
tively unreactive. The arsenicals, of which arsphenamine and mapharsen 
were tested, are not found in blood to an appreciable extent (5). 


A pplication to Blood 


Protein Precipitants—A number of blood protein precipitants have been 
tested as to which ones yield filtrates suitable for the application of this 
method. Tungstic acid filtrates have been found so far to be the most 
satisfactory. Zinc hydroxide filtrates gave amino nitrogen values which 
were about half those obtained with tungstic acid filtrates and recoveries of 
added amino acids were low, indicating that some of the amino acids were 
carried down with the protein. Trichloroacetic, metaphosphoric, and 
sulfosalicylic acids develop a considerable amount of color with the naph- 
thoquinone reagent, with the result that the blank readings are too high for 
use with the photoelectric colorimeter. Since the presence of copper ions 
also increases the blank color and since many amino acids have insoluble 
copper salts, copper hydroxide and copper tungstate are also unsuitable 
precipitants. 

The tungstate filtrates may be prepared in the usual way, or, when only 
small amounts of blood are available, they are conveniently made by the 
procedure described by Shipley and Long (6). In this method, 0.2 ml. 
of blood is diluted with 10.0 ml. of n/70 sulfuric acid; the proteins are 
then precipitated by the addition of 0.2 ml. of 10 per cent sodium tungstate 
and removed by centrifugation. 4 ml. of such a filtrate of normal blood 
are a suitable amount to use, allowing duplicate determinations to be made 
on 0.2 ml. of blood. The reagent blank need contain no tungstate. Since 
the presence of more than traces of tungstate interferes with color develop- 
ment, filtrates containing a large amount of tungstate which has escaped 
precipitation may not be used, but normally no interference is to be ex- 
pected from this source. The amino acid content of tungstate filtrates 
kept under refrigeration remains constant for several days. 

Inasmuch as the amino acid content of the red blood cells may be much 
greater than that of the plasma, it may be preferable at times to carry out 
determinations on plasma itself. The same procedure is followed in this 
case as in the determination of amino acids in whole blood. 

Recovery of Added Amino Acids—A mixture of amino acids in the form 
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of casein hydrolysate was added to a series of 0.2 ml. samples of rat blood 
before protein precipitation with tungstic acid. The amino acid content 


TaBie III 
Recovery of Amino Acids (Casein Hydrolysate) Added to Blood 























Amino N in blood | AMIN Hidct "| comuainingadacds | | tatao ws 
mg. per cent se me. per cent per cent 

16.1* 20.2 25.4 92 
16.1* 20.2 25.2 90 
14.2* 18.0 23.8 107 
14.2* 18.0 23.5 103 
12.4 45.6 35.4 101 
12.4 45.6 34.6 97 
12.4 45.6 35.8 101 
12.4 45.6 35.3 100 
12.4 22.8 23.7 99 
12.4 22.8 23.4 97 

* Filter 520 used. 

TaBLe IV 


Comparison of Colorimetric and Nitrous Acid Manometric Methods (on Tungstic Acid 
Filtrates of Whole Blood from Rats) 


Colorimetric Nitrous acid 


Source of sample method, method Difference 

amino N amino N 
| mg. per cent me. per cent per cent 
1. Normal rat... seen 14.0* 14.0 0.0 
a a - diate eal 14.3* 14.0 +2.0 

| ‘* partially hydrolyzed casein | 
added... 17.0 16.6 | +2.5 

4. Normal rat; partially hydrolyzed casein 
added 15.6 15.7 —0.6 

5. Normal rat; eomplete casein hydrolysate 
added a 35.7 35.7 0.0 
6. Rat subjected to hemorrhage....... 22.5 20.8 +8.0 
7. Eviscerated rat ae 24.5* 24.1 +1.6 
8. = We ktae s eneeeai ees 29.2 29.0 | +0.7 
9, “ “ | 88.5 33.9 | 1.2 
10. “ WE ee | 326 | 3.0 | 41 
i, “ “ 38.4 | 40.6 —5.2 
12. “ PP i ccteiausee beldbedadakanewal 39.8 41.4 —3.8 
13. - aks b's seesinhuse we 6 peeneielil 48.5* | 44.9 +8.0 


| 
| 





* Filter 520 used. 


of the casein hydrolysate was determined by the colorimetric method on 
aliquots of the solution added to the blood samples. The recovery of 
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added amino acid in ten such experiments is given in Table IIT. The mean 
recovery was 99 per cent of that added. 

Comparison of Colorimetric and Nitrous Acid Methods—Parallel deter- 
minations of the amino acid nitrogen content of tungstic acid filtrates of 
rat blood were made by the present colorimetric and Van Slyke manometric 
nitrous acid methods. The results are presented in Table IV. The agree- 
ment between the results of the two methods is fairly close, and there is no 
systematic discrepancy under these circumstances. 

Amino Acid Nitrogen Content of Blood—In a series of twenty unanes- 
thetized normal rats fasted 24 hours, the amino acid nitrogen content of 
whole blood ranged from 14.3 to 18.2 mg. per cent, with a mean of 16.6 + 
0.342 mg. per cent. In two other series of normal fasted rats, the amino 
acid nitrogen of blood plasma was 7.72 + 0.49 mg. per cent and of serum, 
11.33 + 0.22 mg. percent. Ina few samples of human plasma, the average 
amino acid nitrogen content was 4.6 mg. per cent, and in eight human sera, 
6.3 mg. per cent. A similar difference between the levels of amino acid 
nitrogen in plasma and in serum was observed by MacFadyen (7), who 
attributed it to release of amino acids during clotting. 


DISCUSSION 


The reaction of 8-naphthoquinone sulfonate with amino acids and re- 
lated substances is a remarkable one in that such a wide variety of strue- 
tures leads to the formation of compounds whose colors are so similar both 
qualitatively and quantitatively. The reaction of the amino acids is 
believed to be analogous to the reaction of aniline with 6-naphthoquinone 
sulfonate, which has long been known (8). The quantitative yield of 


oO , 
| O ate 
VA Ory. 
\ 
SO,H LZ —C,H, 


similar color with aniline under the special conditions of our analysis seems 
to confirm this belief. With only a few of the compounds other than 
amino acids which we tested was some variation encountered in the colors 
produced. Orthoform and the arsenicals, in which the amino group is 
ortho to a phenolic hydroxyl, produced compounds which were deep pur- 
plish red in alkaline solution; however, in acid these substances were the 
orange-red typical of amino acid-naphthoquinone compounds. Adrenalin, 
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cobefrin (a primary amine containing, like adrenalin, a dihydroxyphenyl 
group), uric acid, and allantoin all yielded compounds which were much 
more red than the amino acid compounds. The reaction of the quinone 
with uric acid, which does not occur in the cold according to Folin, and 
with allantoin were surprising. None of the other compounds tested 
which contained similar structures, the purines, uracil (2,6-dioxy- 
pyrimidine), the imidazole ring in histidine, or urea, gave any color; so 
that the reactive group of uric acid and allantoin must be in the oxy- 
imidazole ring. It would appear that the presence of a carbonyl group here 
activates one of the adjacent imino nitrogen atoms, perhaps by allowing 
the ring to be split at that point when attacked by the quinone reagent. 

The colorimetric method described here has been so far applied only 
to the determination of amino acids in protein-free blood filtrates and to 
mixtures of amino acids. There appears to be no reason why it cannot 
be applied also to protein-free extracts of tissues and media from tissue 
metabolism experiments. Whether it can be used to determine amino 
nitrogen in such materials as partially hydrolyzed protein digests remains 
to be determined. Possible application of the method to the estimation of 
diamino acids is suggested by the quantitative yield of color of both amino 
groups in these compounds. Comparison of the results of the ninhydrin 
and colorimetric procedures on, for instance, a mixture of basic amino 
acids should give a measure of the amount of lysine present. 

None of the available methods for estimating amino acid nitrogen in a 
mixture of amino acids gives identical results with all amino acids or is 
absolutely specific for amino nitrogen. The results of formol, alcohol, and 
acetone titrations vary with different amino acids, depending upon the 
choice of initial pH and other analytical conditions; they also are not 
specific for amino acids, being affected particularly by the presence of 
other organic acids (2). The nitrous acid reaction is a general one for 
primary amines, of which, of course, amino acids and their derivatives are 
the principal representatives in most biological material. Under the 
usual analytical conditions, nitrous acid reacts with 25 per cent of the 
ammonia nitrogen and 7 per cent of any urea nitrogen present. The pro- 
lines do not yield nitrogen gas with nitrous acid, the second amino group of 
lysine reacts slowly, and the results with glycine and cystine may be high. 
The ninhydrin gasometric (or titrimetric) procedure is the most specific, 
measuring free carboxyl nitrogen almost exclusively;* but it does require 
small corrections for urea and for proteins when these are present (7). 
The quantitative results of this reaction with different amino acids depend 
to a considerable extent upon the conditions chosen for analysis, and in 


? This means that peptides do not ordinarily yield carbon dioxide; but glutathione 
gives one carboxy! per mole, equivalent to one-third of its total nitrogen. 
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any one set of circumstances used for the analysis of a mixture of amino 
acids, some compromise is necessary (9). At pH 2.5, recommended for 
the analysis of most complete mixtures of amino acids, aspartic acid yields 
two carboxyl groups for one nitrogen, lysine gives up somewhat more than 
the equivalent of one carboxy! per mole, and the results with tryptophane, 
cystine, and glycine are low. In the light of these considerations, it ap- 
pears that the present colorimetric method is the equal of other available 
reactions for the quantitative estimation of amino nitrogen in a mixture of 
amino acids. The method is exceeded in specificity by the ninhydrin re- 
action, but considering the nature of substances likely to be present in most 
biological material, the specificity of the colorimetric procedure, like that 
of the nitrous acid method, is sufficient to make it practicable in most cir- 
cumstances. The colorimetric method is of course not expected 
to replace the precise manometric techniques, but its greater sensitivity 
and simplicity recommend it as an additional method for estimating 
amino acid nitrogen. 


SUMMARY 


A convenient and sensitive procedure for estimating amino acid nitrogen 
has been described for use with a photoelectric colorimeter. The method 
is applicable to samples containing 4 to 40 y of amino nitrogen and permits 
duplicate determinations to be made upon 0.2 ml. of blood. Recovery of 
amino acids added to blood is complete, and agreement of the results with 
those of the Van Slyke nitrous acid method is satisfactory. 

The visible absorption spectra of the compounds formed by the reaction 
of the color reagent (8-naphthoquinone sulfonate) with seventeen amino 
acids were obtained. 

Quantitative measurements were made of the reaction of twenty-one 
amino acids and of a number of other nitrogenous substances. The ac- 
curacy of the estimation of amino nitrogen in mixtures of amino acids and 
the specificity of the reaction are sufficient to allow application of the 
method to most biological material. 
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Protoveratrine is a sparingly soluble alkaloid which comprises an ap- 
preciable fraction of the crystallizable alkaloids of Veratrum album. It 
was first isolated by Salzberger (1), who ascribed to it the formulation 
CxH;OuN. This formulation has since been revised to Cyo$HgOuN by 
Poethke (2), who succeeded in isolating from it on alkaline hydrolysis 
acetic acid, methylethylacetic acid, and methylethylglycolic acid. A sup- 
posed alkamine, protoverine, for which a corresponding formulation, 
CosHysOioN, was assumed, was obtained with difficulty and only in amor- 
phous form and no crystalline derivatives were prepared from it. Pro- 
toveratrine was thus concluded to be the triacyl ester of the alkamine, 
protoverine. 

In our previous communication on the dehydrogenation of protovera- 
trine itself (3), we have described the production of 2-ethyl-5-methyl- 
pyridine, which had already been shown to be a characteristic basic dehy- 
drogenation product from cevine (4) and jervine (5), and which more 
recently has been found to be a product also from rubijervine (6), germine 
(7), and from the potato alkamine, solanidine (8).! In addition, the 
formulations of jervine, rubijervine (and isorubijervine), and germine have 
been revised to Ce7HgO3N 9 Ce7HgO.N, and CovHgOsN, respectively, so 
that, like cevine, C2;HyOsN, and solanidine, C2;HyON, they are all C2; 


1 Since the appearance of our paper (8) on the correlation of the veratrine alkaloids 
with the potato alkaloids, the recent article of Prelog and Szpilfogel (9) has reached 
us. These workers have also shown that the base which results on dehydrogenation 
of solanidine is 2-ethyl-5-methylpyridine. They have confirmed our earlier con- 
clusions as to the identity of this base by its comparison with a base obtained by 
synthesis. They have adopted the same structural hexacyclic arrangement of the 
ring system for solanidine which we have already clearly expressed in the case of the 
veratrine alkaloids (10) with the exception of the possibility that Ring B can be 5- 
membered. Our discussion contained also the definite suggestion of a resemblance 
to the picture to be found in the case of the potato alkamine, in which, however, Ring 
B must be 6-membered as in the sterols, since Diels’ hydrocarbon had been obtained 
from it on dehydrogenation. At that time, it was already our intention to test this 
suggested analogy by a similar study of the solanum alkamines, the results of which 
we have since published. We shall continue to regard the solanum alkamines as 
a subject of our studies, since they are members of the general group to which the 
veratrine alkaloids also belong. 
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derivatives. In view of the apparent discrepancy in the case of protovera- 
trine, we have returned to a study of this alkaloid. 

It has now been found possible to isolate the alkamine, protoverine, 
in crystalline form by continuous extraction of the saponification mixture 
with chloroform. As will be presented further on, preliminary saturation of 
the diluted mixture with CO, was found necessary to reduce to a minimum 
isomerization to an isoprotoverine. Protoverine readily crystallized on 
concentration of the chloroform extract with chloroform of crystallization. 
This permitted its sharp separation from isoprotoverine, which remained 
in the mother liquor. Protoverine also crystallized from methanol and 
from water with solvent of crystallization. Analyses of the anhydrous 
substance have agreed with the formulation C2;7H yO .N and not with 
CesHysOywN, as derived by Poethke. This formulation has been supported 
by the results obtained with a number of its derivatives. Attempts to 
hydrogenate protoverine with platinum oxide catalyst as the free base, 
or as the hydrochloride in methanol, were unsuccessful. However, on 
reduction with sodium in butanol, a dihydro base, C27His0.N , was obtained. 
The same dihydro base was obtained also from isoprotoverine described 
below. Whether it is to be regarded as a dithydroprotoverine or dihydroiso- 
protoverine has not as yet been determined. 

Although the hydrochloride of protoverine could not be made to crystal- 
lize, the alkamine readily formed a crystalline acetonylprotoverine hy- 
drochloride, which in turn yielded the crystalline acetonylprotoverine, 
C3oHyzO,N. The formation of this derivative parallels that of acetonylger- 
mine (7) and indicates that two of the hydroxyl groups in each of these 
alkamines are situated on 2 vicinal carbon atoms, or on carbon atoms 
removed by an intervening carbon atom. It is probable that these posi- 
tions will be found to be identical in both of these alkamines. 

The chloroform mother liquor of the above protoverine-chloroform 
compound after removal of solvent yielded material which crystallized from 
methanol as needles contaminated with prisms of protoverine, which were 
separated by fractionation. The needles were found to consist of isoproto- 
verine, Ca7HgO.N. This substance was shown to be the result of the 
isomerizing action of alkali on protoverine, since the latter, when treated 
under certain conditions with alkali, was partly converted into isoprotover- 
ine. If too strong alkali or too high a temperature was employed, the 
alkamine was further altered with the formation of a deep yellow solution, 
from which very little crystalline material could be isolated. 

Contrary to protoverine, isoprotoverine could be hydrogenated to a 
dihydroisoprotoverine, C27HywOsN, which was distinct from the product 
of the sodium reduction described above. This isomerism is probably 
due to the different position occupied by the double bond in each of these 
bases. As will be presented in a subsequent paper, a parallel picture is to 
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be found in the relationship between germine and isogermine. Although, 
as in the case of protoverine, isoprotoverine was found to react with ace- 
tone, no crystalline product could be obtained from the reaction mixture. 

The formation of dihydro derivatives from protoverine, together with 
other observations, points definitely to the presence of a double bond 
in this alkamine. Like cevine, germine, and rubijervine, protoverine 
behaves as a tertiary base. The results of the active H determinations 
were in close agreement with the presence of nine hydroxyl groups in the 
alkamine. In support of this, acetonylprotoverine gave approximately 7 
moles of methane as required by the presence of seven free OH groups. 
This conclusion was further supported by the result of the Zerewitinoff 
determination on the alkaloid protoveratrine itself. This approximated 
the requirements of seven free OH groups. Although the alkaloid must 
be a triacyl ester of protoverine, the extra OH group is contained in the 
a-hydroxymethylethylacety] group. Since it contains nine hydroxyl 
groups and one double bond, protoverine, C27H,Op,N, like cevine, germine, 
and solanidine, must therefore be a hexacyclic tertiary sterol (or modified 
sterol) base. 

As the triacyl ester of protoverine with acetic, methylethylacetic, and 
hydroxymethylethylacetic acids, the formulation of protoveratrine, there- 
fore, must be CysHgO;;N. All of our attempts to obtain proper analytical 
results with the alkaloid after repeated recrystallization, however, have not 
been satisfying. It is possible that retention of solvent may have con- 
tributed to this result. Somewhat better analytical results were obtained 
with the alkaloid which had been recovered after exposure to the conditions 
for the production of an acetonyl derivative, such as that used in the 
ease of its alkamine, protoverine. The failure to form such an acetonyl 
derivative shows that one or both of the hydroxyl groups responsible 
for this function in the alkamine must be covered by acylation in the 
alkaloid. It is probable that one of the acylated OH groups must be 
situated on carbon atom 3 of the sterol or modified sterol skeleton. This 
point will be discussed further in a subsequent paper. 


EXPERIMENTAL 


Protoveratrine—For the isolation of this alkaloid from the crude benzene 
extract of mixed alkaloids, we have followed essentially the procedure 
outlined in our previous paper (3). The analytical results from the 
material obtained by a repetition of our previous recrystallization pro- 
cedure have been essentially duplicated. Again the substance separated 
on addition of ammonia to the solution of the acetate in alcohol as small 
four-sided platelets which decomposed at 275° (uncorrected)? after pre- 


* The uncorrected melting points were taken in the usual manner, but not corrected 
for stem exposure. The others are corrected micro melting points. 
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liminary darkening and sintering. The decomposition point depended 
upon the rate of heating. When the substance was dried both at 120° 
(a) and 140° (6) at 2 mm., no appreciable loss could be noted. 

CypH ON. Calculated. C 62.28, H 8.18 


Found. (a) ‘* 61.48, ‘‘ 7.95 
7 (b) ‘ 61.76,“ 7.72 


This material was recrystallized several times by addition of ether to 
the chloroform solution. No retention of solvent could be detected on 
drying. 

Found, C 61.28, H 8.11 

Similar results were obtained when recrystallization was accomplished 
by addition of 95 per cent alcohol to the solution in chloroform, followed 
by boiling off the chloroform. The substance separated as six-sided plate- 
lets and prisms, which decomposed at 275° (uncorrected) after preliminary 
discoloration. 


Found, C 61.48, H 7.98; C 61.56, H 7.94 


3.720 mg. of substance gave 0.910 ec. of CH, (25°, 745.3 mm.); at 95° 
there was no change. Found, H 0.99; calculated for 7H, 0.94. 

Protoveratrine was then treated with acetone and HCl under condi- 
tions which caused the production of an acetony] derivative from protover- 
ine as follows: Although the alkaloid itself was recovered, the ans !ytical 
data approached more nearly the theoretical values. 

0.1 gm. of protoveratrine was suspended in 2 ce. of acetone and contin- 
uously treated with HCl (1.19) until acid to Congo red and solution was 
complete. The mixture could not be made to crystallize, even on addition 
of ether. After dilution with water, the mixture was promptly made 
alkaline and extracted with ether. The latter on concentration gave the 
original alkaloid. 


Found, C 61.91, H 8.02 
In another experiment, the acidified acetone solution of the alkaloid 
was allowed to stand for 20 hours. It was treated directly with Na,CO; 
solution, then diluted, and extracted with chloroform. The extracted 
material crystallized from ether as six-sided platelets. 


Found, C 61.84, H 8.08 


In an experiment in which the mixture stood for 3 days, similar results 
were obtained. The substance recrystallized from chloroform-ether 
decomposed at 280-283° (uncorrected) after preliminary darkening. 


Found, C 61.87, 61.55, H 7.68, 8.16 
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Protoverine—3.8 gm. of protoveratrine were treated with 26 cc. of a 
solution of 4 gm. of NaOH in 100 ce. of methanol. Gentle warming caused 
rapid solution and the odor of fatty acid esters quickly became apparent. 
After about 7 minutes warming, the weakly colored solution was cooled, 
made just acid with dilute H,;SO,, and then made faintly alkaline to 
phenolphthalein with NagCO; solution. The mixture after dilution to 
about 100 cc. was placed in a special continuous extractor for extraction 
with chloroform. The condensed chloroform, which fell in a continuous 
spray through the aqueous mixture to a lower chloroform layer, con- 
tinuously passed through an overflow into the flask of boiling chloroform 
below. After about 20 hours, the extraction was interrupted. The flask 
contained a copious suspension of delicate needles. The collected material 
amounted to 1.8 gm. 

For recrystallization, the chloroform compound was dissolved in a 
necessarily large volume of methanol and concentrated to 20 cc. The base 
separated as small, glistening, sparingly soluble prisms. The yield was 1.28 
gm. It softened gradually to a slowly effervescing resin at 195-200°, after 
preliminary sintering. The melting point, however, varied with different 
preparations, which was due, apparently, to a varying solvent content. 

la]p = —12° (c = 0.96 in pyridine) 

For analysis, the substance was dried at 120° and 2 mm. 

Co7HyOgN-2CH;OH. Calculated, CH;OH 10.87; found, 9.92 
CopH gzOgN. e C 61.67, H 8.25 


Found. (a) ‘ 61.45, ** 8.30 
“ (6) “ 62.06, “ 8.32 


A sample of the substance was dissolved by heating in a small volume 
of diluted methanol and, after addition of sufficient water, the methanol 
was boiled off. The base gradually crystallized as prismatic needles, 
which slowly softened to a melt at 210-216° (uncorrected). The aqueous 
solution foamed readily. 

For analysis, the substance was dried at 120° and 2 mm. 


Co;HgOsN-H.O. Caleulated, H,O 3.31; found, 3.22 
Anhydrous Substance—Found, C 61.37, H 8.33. 


3.685 mg. of substance gave 1.58 cc. of CH, (26°, 729.4 mm.); at 95° 
there was no change. Found, H 1.69; calculated for 9H, 1.73. 

When the chloroform mother liquor of the above chloroform compound 
of protoverine was concentrated in vacuo to dryness, the resinous residue 
weighed 1.24 gm. When dissolved in a small volume of methanol, it 
readily crystallized on rubbing as minute platelets mixed with prisms and 
occasionally needles. After collection with methanol, 0.63 gm. was 
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obtained. On treatment with chloroform, this was found to yield an 
additional amount of the chloroform compound of protoverine. The 
mother liquor of this contained a small amount of isoprotoverine. If the 
diluted saponification mixture was not first made weakly alkaline, as 
described above, before the continuous extraction with chloroform, a 
larger proportion of isoprotoverine was obtained as described below under 
isoprotoverine. 

Acetonylprotoverine—80 mg. of protoverine were suspended in 1 ee, 
of methanol and then brought into solution with sufficient HCI (1.19) to 
render the mixture distinctly acid to Congo red. On cautious addition of 
acetone to the initial precipitation point, the precipitate gradually redis- 
solved, and it soon became possible to continue the addition of acetone 
without the formation of the amorphous material. On being rubbed, the 
hydrochloride of the acetonyl derivative crystallized in excellent yield. 
On recrystallization from methanol-acetone, it separated as microscopic 
aggregates of short, flat needles which melted with decomposition at 
278-281° (uncorrected) after preliminary discoloration and sintering. 

For analysis, the salt was dried at 110° and 2 mm. 


CyoHysOgNCl. Calculated, C 59.82, H 8.04; found, C 59.62, H 8.10 


The free base was readily obtained by addition of an excess of NagCQ,; 
solution to the solution of the salt in 50 per cent methanol. For recrystal- 
lization, a relatively large volume of methanol was required and, when 
concentrated to smaller volume, acetonylprotoverine separated as micro- 
scopic flat needles or elongated platelets. After initial sintering and 
coloring above 235°, it gradually melted to a dark mass at 252-256° (un- 
corrected). 


CyHyzOuN. Calculated, C 63.67, H 8.38; found, C 63.58, H 8.45 


4.797 mg. of substance gave 1.40 cc. of CH, (26°, 729.4 mm.); at 95° 
there was no change. Found, H 1.15; calculated for 7H, 1.25. 

Reduction of Protoverine (Dihydroprotoverine?)—2 gm. of sodium were 
added to a boiling solution of 0.5 gm. of protoverine in 20 cc. of butanol, 
and the mixture was at once vigorously shaken. The reaction mixture 
colored when air gained access to it. After completion, the chilled mixture 
was treated with water and saturated with CO,. The butanol was removed 
under reduced pressure, and the diluted mixture was continuously extracted 
with chloroform overnight. The accumulated chloroform extract con- 
tained crystalline material. After concentration to small volume, the 
crystals were collected with chloroform. The yield was 0.16 gm. For 
recrystallization, the product was dissolved in a necessarily large volume 
of methanol. After concentration to 10 cc., it separated without solvent 
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as micro platelets which, although mostly irregular, showed a tendency 
to be triangular. Under the microscope, it did not exhibit a real melting 
point. It began to show decomposition above 300°, which gradually 
increased in rate, especially at 330-335°. 
la]> = —54° (c = 0.50 in pyridine) 
Cy;7HyOsN. Calculated. C 61.44, H 8.60 


Found. (a) “ 61.34, ‘‘ 8.53 
° - [ee eee 


Isoprotoverine—In a number of experiments in which the precaution 
was not taken to neutralize the saponification mixture before extraction, a 
larger proportion of this alkamine resulted. The mother liquors of the 
chloroform compound of protoverine, which had accumulated from the 
saponification of 15 gm. of protoveratrine, were concentrated to remove 
chloroform. The residue was dissolved in a small volume of methanol 
and then diluted with water and, after addition of Na,CO; solution, the 
mixture was reextracted in a continuous extractor with chloroform for 
2 hours. The chloroform extract on concentration yielded a slowly 
erystallizing fraction of needles, which proved to be isoprotoverine. The 
filtrate was concentrated and the residual chloroform was boiled off after 
addition of methanol. From a volume of about 20 cc. of methanol, a 
copious separation of needles occurred. This fraction of the isoalkamine, 
together with what crystallized directly from the above concentrated 
chloroform solution, amounted to 1.06 gm. The methanol mother liquor 
on further concentration formed a thick paste of a mixture of needles of 
isoprotoverine and rosettes of stouter crystals of protoverine. 

Isoprotoverine separated on recrystallization from methanol as needles 
or thin, short prisms, which were practically without solvent. It began to 
color above 240°, then sintered and darkened on further heating, and 
effervesced at 264° (uncorrected). 


[a]? = —42° (c = 0.99 in pyridine) 
CxsHwOsN. Calculated. C 61.67, H 8.25 
Found. (a) ‘‘ 61.54, “ 8.34 
“ (6) “ 61.70, “ 8.37 


Attempts to obtain a crystalline hydrochloride were unsuccessful. 

The same substance was obtained directly from protoverine as follows: 
0.2 gm. of protoverine was dissolved by warming in a mixture of 1 cc. of 
methanol and 3 cc. of HO. 1 ec. of N NaOH was added and the solution 
was warmed to 50° for 2 hours. After a few minutes, a turbidity developed 
which gradually increased to a deposit. The solution was treated with 
5 cc. of methanol and diluted to about 80 cc. The mixture was extracted 
with chloroform for 18 hours in a continuous extractor. The addition 
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of methanol helped to reduce the tendency to form an emulsion during the 
extraction. The chloroform extract on concentration to a few cc. yielded 
a paste of needles which were collected with chloroform. 67 mg. were 
obtained. This consisted of unchanged protoverine. The mother liquor 
was concentrated to remove solvent and again dissolved in a little chloro- 
form. A small second fraction was collected. Finally, a third smal] 
crop was obtained. 

The final mother liquor was freed from chloroform by boiling down 
with methanol. The residue weighed 0.11 gm., representing roughly 50 
per cent of transformed starting material. The solution in a small volume 
of methanol crystallized first as a mixture of pointed micro platelets, 
followed by a mass of delicate needles. The collected material weighed 
53 mg. The homogeneity of the substance remained in question, since 
it did not dissolve completely in chloroform. By rapid fractionation from 
methanol, it was possible to remove first a rapidly crystallizing, small 
fraction of protoverine. This was followed by a fraction of needles of 
isoprotoverine. 

The substance so obtained sintered above 200°, then gradually softened 
and darkened on further heating. The mass then melted with effer- 
vescence at 254° (uncorrected). 


la]> = —37° (c = 0.70 in pyridine) 


For analysis, it was dried at 110° and 2 mm., since it was found to 
contain solvent. 
Co;HywOeN. Calculated, C 61.67, H 8.25; found, C 61.63, H 8.25 


As a check on identity, this substance was found to yield the following 
dihydro derivative. 

Dihydroisoprotoverine—).1 gm. of isoprotoverine (which had been ob- 
tained as a by-product on saponification of the alkaloid) was hydrogenated 
in methanol with 50 mg. of platinum oxide catalyst. The absorption was 
roughly 1 mole in excess of that required by the catalyst. During the 
hydrogenation, the substance which gradually dissolved was replaced by 
a suspension of the sparingly soluble product. A relatively large volume 
of a mixture of methanol and chloroform was required to redissolve the 
substance for separation from the catalyst. The filtrate, after concentra- 
tion to remove the chloroform, yielded the substance as microscopic, short, 
flat needles or narrow platelets which contained solvent. In the micro 
melting point apparatus, it showed a slow decomposition at 315-320° after 
preliminary softening and discoloration. When treated under the micro- 
scope with a drop of water, it first dissolved and then crystallized again 
as delicate needles, apparently due to interchange of solvent. 


la]p = —49° (c = 0.67 in pyridine) 
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For analysis, the substance was dried at 120° and 2 mm. 


Co;HyOyN-2CH;OH. Calculated, CH,OH 10.82; found, 10.61 
Anhydrous Substance—Cx;HyOsN. Calculated. C 61.44, H 8.60 
Found. (a) ‘* 61.29, ** 8.63 
os (b) ‘** 61.40, ‘* 8.50 


Isoprotoverine, which was obtained by isomerization of protoverine, 
yielded on hydrogenation a substance indistinguishable in properties from 
the above. 


Anhydrous Substance—Found, C 61.44, H 8.46. 


All microanalyses and active H determinations were performed by Mr. 
D. Rigakos of this laboratory. 
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THE FFFECT OF PYRIDOXINE DEFICIENCY IN THE RAT 
UPON THE CATALASE ACTIVITY OF ITS TISSUES 


By SAMUEL LEPKOVSKY anp DELLA PARSONS 


(From the Division of Poultry Husbandry, College of Agriculture, University of 
California, Berkeley) 


(Received for publication, May 10, 1943) 


Fouts et al. (1) have shown that pyridoxine is essential for hemoglobin 
formation in the dog. This observation has been abundantly confirmed 
(2-4). Pyridoxine has also been shown to be essential for hemoglobin 
formation in the pig (5-7). There are fewer such data for the rat. The 
rat also seems to require pyridoxine for hemoglobin formation, though the 
anemia produced in pyridoxine-deficient rats does not seem to be as severe 
(8) as that produced in pyridoxine-deficient dogs and pigs. 

Since pyridoxine is essential for the synthesis of hemoglobin, an iron- 
porphyrin complex, it seemed worth while to determine whether it was also 
essential for the synthesis of other iron-porphyrin complexes such as 
catalase, the cytochromes, and indophenol oxidase. The effect of pyridox- 
ine deficiency on the catalase content of pyridoxine-deficient rats has been 
studied with two different groups of rats, and, since there was little differ- 
ence between the groups, they are reported as one group. 


EXPERIMENTAL 


Care of Rats and Preparation of Factor 2 Concentrates—The rats were fed 
the pyridoxine-deficient diet previously described (9) plus 200 y daily of 
synthetic calcium pantothenate.! The Factor 2 concentrates used were 
prepared as described (9) from rice bran extract (vitab rice bran concen- 
trate, Nopco)? and from a liver fraction soluble in 93 per cent ethyl al- 
cohol. The equivalent of 0.16 gm. of liver fraction was fed daily. 

The rice bran concentrate after treatment with fullers’ earth still con- 
tained appreciable amounts of pyridoxine. This was removed by a single 
treatment with charcoal, 0.5 gm. of charcoal being used for each cc. of rice 
bran concentrate. 0.2 cc. of the concentrate was fed daily. 

Physiological Food Control of Paired Fed Rats—Each pyridoxine-de- 


! The synthetic vitamins used in this investigation were given to us by Merck and 
Company, Inc., Rahway, New Jersey. 
* The vitab rice bran concentrate was given to us by The Vitab Corporation, 


Emeryville, California. 
* The liver fraction was kindly furnished by Eli Liliy and Company, Indianapolis, 


Indiana. 
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ficient rat was controlled by a rat similarly fed and housed but getting 29 
y daily of pyridoxine. To obtain as exact a physiological food control as 
possible, correction had to be made for the increased efficiency in the 
utilization of food by the rat receiving pyridoxine (10). This was roughly 
accomplished by feeding the pyridoxine-fed rat 10 per cent less food than its 
deficient paired fed mate. As a result of this procedure the deficient and 
control rats in six pairs out of eleven were almost equal in weight. Of the 
remaining five pairs of rats, the efficiency in the utilization of food by the 
pyridoxine-fed rats was so much greater than that of their deficient paired 
fed mates that they were heavier even though they received 10 per cent less 
foed. This difference in weight did not seem to affect the catalase activity 
of the rat tissues. 

Catalase Determination and Preparation of Tissues—The method de- 
scribed by Balls and Hale (11) as modified by Bedford and Joslyn (12) was 
closely followed. The only change made was the introduction of 1 gm. of 
glucose directly into the reaction flask instead of in a solution of about 40 
ec. of water (12). The volume was then made up with phosphate buffer 
to 49 cc., after which 1 cc. of 0.2 N hydrogen peroxide was introduced. 
This change was made on the suggestion of Dr. M. A. Joslyn to whom we 
are grateful for guidance in the catalase determination. The catalase 
determinations are reported as catalase activity per gm. of wet tissue (12). 

A weighed portion of perfused tissue was very finely ground in a homo- 
genizer (13) in 1 to 2 ce. of a phosphate buffer (12). The fibrous portions 
of the tissues were centrifuged out and the solution further diluted with 
phosphate buffer until the solution contained 1 gm. of wet tissue per 100 
ec. of solution. Care was taken in the killing of the deficient rat and its 
paired fed control to keep all possible factors as uniform as possible, es- 
pecially time, so that possible differences in catalase activity of the tissues of 
the controls and deficient rats would not be due to the technique in the 
determination of catalase. 

Catalase Activity of Tissues of Normal Rats—In order to decide what 
tissues should be used for catalase determinations, a search was made in the 
literature for data on the catalase activity of normal rat tissues. Such 
data were scarce and fragmentary. This information was therefore ob- 
tained preliminary to the study of the catalase activity of the experimental 
rats. The tissues of two rats were analyzed and their catalase activity is 
given in Table I. 

Catalase Activity of Pyridoxine-Deficient Rats—The tissues chosen for 
study were the liver, kidney, and heart and the results are shown in Table IL. 

The difference in catalase activity in the tissues of rats as a result of 
pyridoxine deficiency, although almost always in favor of the control, is not 
significant as judged by the ¢ test. This is in contrast to the results ob- 
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TaBLe I 
Catalase Activity in Tissues of Normal Stock Rats (Female) 
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Liver | Kidney | Spleen Leog Fat | Brain Adrenals Muscle R.be. 
days sm. | 
240 | 291 148.0 | 49.80 5.56 6.70 | 1.15 0.38 | 3.72 0 | 46.50 
201 | 203 | 166.7 | 54.31 6.51 | 7.52 1.02 | | 4.60 0 | 48.00 
TaB_e II 
Catalase Activity of Tissue of Experimental Rats 
Catalase activity 
Pair No. | Group No. | Age Treatment Weight 
Liver Kidney | Heart 
days cm. 
1 3 395 Control 214 | 132.0 | 56.3 | 4.3 
Deficient 213 128.5 | 44.3 | 3.3 
2 5 | 321 Control 158 | 129.5 | 56.6 4.9 
Deficient | 163 | 128.7 49.5 4.1 
3 6 | 390 Control | 170 | 136.5 | 72.2 | 3.7 
Deficient | 162 | 115.5 | 73.2 | 4.8 
4 7 | 330 Control | 130 | 137.0 | 47.5 | 4.3 
| Deficient | 122 | 123.0 | 59.4 | 3.6 
5 8 | 392 | Control | 181 | 133.0 | 44.6 | 
| | Deficient | 161 | 127.0 | 39.8 | 
6 12 | 270 | Control) | 186 | 141.0 | 54.6 | 4.6 
| Deficient | 155 | 142.8 | 57.2 | 4.5 
7 14 306 | Control | 174 | 141.1 | 58.7 | 7.4 
| Deficient | 175 | 137.0 | 66.7 | 3.7 
8 15 271 | Control | 194 125.0 42.5 | 5.0 
| | Deficient | 195 | 138.1 38.5 | 4.7 
9 16 | ii Control | 109 136.0 48.8 4.7 
| Deficient | 101 | 133.0 | 47.5 | 4.4 
10 a Control | 110 140.0 46.5 | 4.0 
Deficient | 107 138.0 51.0 | 4.4 
1 2 | 61 Control) | 84 | 145.0 | 56.5 | 5.2 
| Deficient | 79 | 139.0 | 52.5 | 5.2 
sarame . “| 7 
ee ere | 136.0 | 53.2 | 4.8 
sa NOP en ee | 181.9 | 83.7 | 4.3 
" Or ee ie 4.14 0.45 | 0.54 
SR sc vei ends ss ssvepetsesheshalonss Semen | 1.428) 0.18, 1.233 
i d.vsc) v's sacle pee cys se ch eed | >0.10 | >0.80 | >0.20 





tained with copper- and iron-deficient rats (14) in which the catalase ac- 
tivity of the liver and kidney tissues was decidedly lower than that of the 


control rats. 
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CONCLUSION 


Deficiency of pyridoxine does not cause any significant change in the 


catalase activity of the liver, kidney, and heart tissues of rats. 


ll. 
12. 
13. 
14. 
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PRODUCTION OF THIAMINE DEFICIENCY DISEASE BY THE 
FEEDING OF A PYRIDINE ANALOGUE OF THIAMINE 


By D. W. WOOLLEY anp A. G. C. WHITE 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, May 6, 1943) 


The production of bacterial growth inhibitors derived from acidic 
vitamins by the substitution of a sulfonic acid group for the carboxyl group 
of the vitamin is now well known. Thus sulfanilamide, the sulfur analogue 
of p-aminobenzoic acid (1), pyridine-3-sulfonic acid, the analogue of 
nicotinic acid (2), and thiopanic acid, the analogue of pantothenic acid 
(3-5), have been shown to prevent growth of certain microorganisms. 
Since addition of the analogous vitamin to cultures inhibited by one of 
these compounds restored growth, it seemed that the sulfonic acids caused 
failure of growth by producing deficiencies of the growth factors struc- 
turally related to them. However, these three sulfur analogues did not 
cause deficiency diseases when fed to animals (6, 7). The only deficiency 
diseases thus far produced in animals by the feeding of structurally similar 
compounds have been the hypoprothrombinemia caused by administration 
of 3,3’-methylenebis[4-hydroxycoumarin] (related to vitamin K) (8), 
and the scurvy-like disease caused by glucoascorbic acid.' Since a study 
of the action of these inhibitors related to the vitamins may provide a 
key to the study of the mode of action of the vitamins,' an attempt has 
been made to discover such inhibitors derived from some of the other 
vitamins. 

The work of Erlenmeyer (9) suggested that physiological activity 
was partially retained in compounds in which sulfur in a ring system was 
interchanged with —-CH:CH—. Others (10, 11) have endeavored to show 
that such an alteration in nicotinic acid (to yield thiazole-5-carboxylic 
acid) and in thiamine (to yield 2-methyl-4-amino-5-pyrimidylmethyl- 
(2-methyl-3-hydroxyethyl)pyridinium bromide) would result in com- 
pounds with vitamin action. However, Robbins (12) has shown recently 
that the latter substance, the pyridine analogue of thiamine, had no 
growth factor action, and actually inhibited growth of certain fungi. 

It has now been observed that the feeding of 2-methyl-4-amino-5- 
pyrimidylmethyl-(2-methyl-3-hydroxyethyl)pyridinitum bromide to mice 
maintained on an adequate diet caused a fatal disease, with many of the 
characteristic symptoms of thiamine deficiency as. seen in other species. 
For the sake of brevity, the pyridine analogue of thiamine has been named 


1 Woolley, D. W., and Krampitz, L. O., unpublished data. 
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286 DISEASE FROM PYRITHIAMINE 


pyrithiamine. The disease produced by pyrithiamine administration 
was prevented or cured by the giving of sufficient amounts of thiamine. 
When mice were fed a ration free of thiamine, no characteristic symptoms, 


such as are seen in other species, were observed (13). The animals merely | 


ate less and less, lost weight, and died. However, with administration 
of pyrithiamine, many characteristic symptoms of thiamine deficiency 
were seen in all animals. By variation of either the amount of thiamine 
or of pyrithiamine fed, it was found that about 40 molecules of pyrithiamine 
would nullify the effect of 1 molecule of thiamine. Hence, pyrithiamine 
was one of the most active vitamin antagonists thus far studied. 


EXPERIMENTAL 


Materials and Methods—Pyrithiamine was synthesized according to the 
directions of Tracy and Elderfield? (14). It was administered by giving 
0.02 ec. of a solution of desired concentration orally three times daily. 
Each dose during the day was 4 hours removed from the previous one. 

Weanling mice (approximately 12 gm.) were kept in individual cages 
equipped with screen bottoms and fed the following ration: sucrose 76 gm., 
vitamin-free casein 18 gm., salts (15) 5 gm., fortified corn oil (16) 1 gm., 
thiamine 80 y, riboflavin 500 y, nicotinic acid 10 mg., pyridoxine 200 7, 
calcium pantothenate 2 mg., choline 10 mg., and inositol 100 mg. Such 
a ration was previously found adequate for mice (17). Each mouse ate 
about 2 gm. of this ration per day, and hence received 1.6 y of thiamine. 
In the later experiments of this series, thiamine was omitted from the 
ration and administered orally once daily. The mice were weighed twice 
weekly. 

Production of Disease—When sufficient pyrithiamine was given, the fol- 
lowing sequence of events was observed in all animals with great regularity. 
Similar symptoms were seen to appear in every member of a group within 
24 hours from the time the first mouse was affected. The animals failed 
to grow or lost weight, but there was no severe anorexia such as was seen 
in mice fed a thiamine-free ration. On the 4th or 5th day, they became 
very inactive and assumed a hunched posture. Then tremors and oe- 
casionally convulsions appeared, which were particularly marked when 
the animals were picked up by the tail. Somewhat later, spasticity, 
especially of the legs, appeared. Soon it was noted that when the mice 
attempted to stand erect on their hind legs, they would fall over backwards. 


2A part of the 2-methyl-3-hydroxyethylpyridine used in the synthesis was sup- 
plied by Dr. M. Rubin of Wallace and Tiernan Products, Inc. The 2-methyl+- 
amino-5-bromomethylpyrimidine hydrobromide used in the synthesis was donated 
by Dr. T. Jukes of Lederle Laboratories, Inc., and Dr. J. C. Keresztesy of Merck 
and Company, Inc. We wish to thank these men for their cooperation. 
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Violent jerking of the head backwards was also seen. Then the legs became 
weak and unable to support the body. This weakness always appeared 
on one side first and caused the animals to walk in circles. Following this, 
both sides became affected. Finally, all legs were affected to such an 
extent that the animals assumed a characteristic pose, lying on their 
bellies with the legs spread out on each side at right angles to the body. 
Shortly thereafter (within 24 hours) they died. No mouse survived longer 
than 3 days from the onset of symptoms. Data regarding responses to 
various dose levels of pyrithiamine are summarized in Table I. Except 
where otherwise stated, the experimental period was 2 weeks. 

Cure and Prevention of Disease with Thiamine—aA group of five mice was 
given 20 mg. of pyrithiamine daily until they had reached the stage at 


TaBLe I 
Response of Mice to Various Doses of Thiamine and Pyrithiamine 





| j 
Amount of So. of animals Amount of Time to pro- | No. of animals | Average weekly 
pyrithiamine =? thiamine duce symptoms |showingsymptoms| weight change 
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y per day days gm. 
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mg. per day 
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which they were unable to stand erect on their hind legs. The pyri- 
thiamine treatment was continued and in addition one was given a single 
dose of 1 mg. of thiamine orally, two were given 500 7 each, and two were 
kept for controls. Each had lost 2.5 gm. in the 2 days prior to treatment. 
In all treated animals, improvement was noted within 1 hour, and within 
20 hours they were without discernible symptoms. In the 24 hours fol- 
lowing treatment, they had gained 1.5, 1.5, and 1.0 gm. The two which 
were not treated died within 2 days. No more thiamine was given to the 
treated animals, and within 5 days from the time of treatment they again 
developed symptoms and died. 

Four mice were given 2 mg. daily of pyrithiamine until they were 
unable to stand. Two were then given 20 y of thiamine each. The 
treated mice improved ngticeably, but on the following day became worse 
again and soon died. 
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Prevention of the disease with thiamine was demonstrated in two 
experiments. In one, a group of eight mice received 2 mg. of pyrithiamine 
and 60 y of thiamine per mouse per day. Appropriate control groups 
receiving no treatment and pyrithiamine alone were also included. These 
controls behaved similarly to comparable groups in the previous experi- 
ments; that is, mice in the group without pyrithiamine gained an average 
of 3.0 gm. per week and remained free of symptoms, while those in the 
group given pyrithiamine developed symptoms, lost weight, and all died 
within 9 days from the start of the experiment. In the second experiment, 
the mice received 600 y of pyrithiamine and 61.6 y of thiamine per day. 
Both experiments were continued for 17 days. The pertinent data are 
summarized in Table I. It can be seen that thiamine protected against 
the disease. 

The effect of pyrithiamine was in some respects delayed and cumulative, 
Thus when three mice were given 1.2 mg. of pyrithiamine on each of the 
first 3 days of the experiment, and were then continued on 2 y of thiamine 
per day, but without any more pyrithiamine, they grew well and appeared 
normal for 6days. On the 7th day, they began to lose weight precipitously 
and to show the characteristic symptoms evoked by pyrithiamine. On 
the 9th day, one was treated with a single dose of 500 y of thiamine. This 
produced remission of the symptoms within 24 hours. It was of interest 
that the symptoms appeared in this group almost as rapidly as in the 
group which had received 1.2 mg. of pyrithiamine every day (see Table I). 
Very small doses of pyrithiamine given daily for extended periods produced 
characteristic symptoms eventually. Thus in two experiments when 
eight mice were given 20 y of pyrithiamine and 2 y of thiamine per day, 
they grew as rapidly as controls which received no pyrithiamine, and 
remained without symptoms for 2} weeks. Following this, they ceased 
to grow, lost weight, and developed characteristic symptoms. These 
symptoms were promptly cured by a single dose of 1 mg. of thiamine. 
In a group of three mice which received 20 y of pyrithiamine and 2 of 
thiamine per day for 14 days, and then 2 y of thiamine a day but no pyn- 
thiamine, symptoms developed at the 19th day and two of the mice died. 
The third mouse showed occasional violent fits of jumping, but slowly 
improved and survived for 4 weeks, at which time the experiment was 
discontinued. 

The apparent delayed and cumulative effect of pyrithiamine made it 
difficult to establish an exact ratio of thiamine to pyrithiamine. From the 
curative tests it was seen that thiamine at one-fortieth the level of pyri- 
thiamine would cure the disease. However, as little as 20 y of pyri- 
thiamine per day in the presence of 2 y of thiamine per day eventually 
produced symptoms and death, even though growth was not affected in 
the early part of the period. 
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SUMMARY 


The feeding of pyrithiamine, the pyridine analogue of thiamine (2- 
methyl-4-amino-5-pyrimidylmethyl-(2-methyl-3-hydroxyethyl) pyridinium 
bromide), to mice caused the appearance of characteristic symptoms of 
thiamine deficiency. The disease was prevented or cured by sufficient 
amounts of thiamine. 
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THE EFFECT OF SIMULTANEOUS MINERAL AND CHOLINE 
DEFICIENCIES ON LIVER FAT 


By PHILIP HANDLER 


(From the Department of Physiology and Pharmacology, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, May 14, 1943) 


Fatty infiltration of the liver was not observed in rats fed a choline- 
deficient diet which simultaneously lacked thiamine (1), riboflavin (2), 
pantothenic acid (3), or methionine.' Fatty livers also failed to appear 
when rats were fed a choline-deficient diet containing sufficient nicotina- 
mide to prevent growth or produce an actual loss in weight (4). It has 
been suggested (4, 5), in summary, that the characteristic fatty livers 
of choline deficiency can only occur when the composition of the remainder 
of the diet will permit at least moderate growth in young rats and nitrogen 
balance in adults. In a further test of this hypothesis the effects of a 
general mineral deficiency on the manifestations of choline deficiency have 
been studied. 


EXPERIMENTAL 


The basal diet used in this study consisted of casein 15, corn-starch 25, 
sucrose 20, lard 30, cod liver oil 5, and salts (6) 5. Each kilo of diet was 
supplemented with thiamine chloride 2.5 mg., pyridoxine hydrochloride 
2.5 mg., riboflavin 5 mg., calcium pantothenate 30 mg., 3-methyl-1,4- 
naphthoquinone diacetate 1 mg., and choline 2.5 gm. When the salt 
mixture was omitted from the diet, an equivalent amount of starch was 
substituted. However, no such allowance was made for the small amount 
of choline. 

Four groups of male rats were used in the following experiments. Group 
I received the basal diet, Group II received the basal diet without any 
salt mixture, Group III received the basal diet but no choline, and Group 
IV received the basal diet but neither choline nor salt mixture. Half of the 
rats in Groups I and III (Ib, Id, IIIb, and I[Id) were pair-fed with the 
members of Group IV and the remainder offered food ad libitum. The 
results are summarized in Table I. The entire experiment was performed 
twice with six rats in each subgroup as it appears in Table I, so that each 
figure represents the mean value obtained for a group of twelve rats. All 
rats weighed between 90 and 100 gm. at the start of the experiment. The 


1 Handler, P., unpublished data. 
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variations within each group were surprisingly small and the differences 
reported in Table I are highly significant according to statistical analysis, 

Despite the complete omission of salt mixture from the diets of Groups 
II and IV, the animals did grow, although slowly, for the first 2 weeks. 
In the following 17 day period all members of these two groups declined 
somewhat in weight. 

The choline of the diets of Groups I and II afforded complete protection 
against fatty infiltration of the liver. The absolute fat content and size 
of the livers of Group IIIb which was pair-fed with Group [Va were not as 
great as those of Group IIIa which was fed ad libitum. However, the 
composition of the livers of Groups IIIa and IIIb was quite similar; both 


TaBLe I 
Effect of Choline and Mineral Deficiencies on Liver Fat 





Food 








ome Diet | Time | Gain inweight§ jiitake | Liver Liver fatty acids 
| 

| | days gm. om, be a | sm. gm. — 

Ia | Complete |} 144 | 2 | 1.5 | 86 | 5.29 | 0.212} 4.0 
Ib | - 14 | 18 1.25 | .7.8 | 4.50 | 0.189) 4.1 
Ila | No salts 4] 1 | 1.1 7.7 | 4.77 | 0.181 | 3.8 
IIIa | “ choline 14 | 14 1.0 8.6 | 6.34 1.279 19.2 
mi* * | 4] ll | 0.8 7.8 | 5.44 0.898) 16.5 
IVa | “ saltsorcholine | 14 | 13 | 0.9 7.8 | 5.20 0.582! 11.2 
Ie | Complete | 31 | 5 | («i17 8.8 | 5.37 | 0.228) 4.1 
Id “ -. | oe be 5.9 | 4.44 | 0.182) 4.1 
IIb | No salts = ft ek 6.1 | 4.52 | 0.176) 3.9 
IIIe | “ choline | 31 | 8 | 1.9 9.4 | 8.54 1.988 | 21.2 
ia i... 1.“ | 31 | 18 | 0.6 5.9 | 4.52 1.070) 23.0 
IVb | “ saltsorcholine | 31 | 3 0.1 5.9 4.12 0.230; 5.6 








groups were found to have decidedly fatty livers. At the same time, 
despite the general mineral deficiency, the slowly growing rats of GroupIVa 
were found to have moderately fatty livers. 

The second series of animals was sacrificed 17 days after the first series. 
Both subgroups on the complete ration had continued to grow during this 
period, while the salt-deficient animals in Group IIb had gradually declined 
in weight. However, no further change had occurred in the liver fat con- 
centrations of the animals in these three groups. Restriction of the food 
consumption of Group IIId to the level seen in Group IVb still permitted 
slow growth. While the livers of the rats of Group IIIc, fed ad libitum, 
continued to increase in size and fat content, no further increase in size 
was seen in the livers of Group IIId, although there was some increase in 
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their fat content. Thus, the livers of Group IIId were only half as large as 
those of Group IIIc, although the fat concentration in the two groups was 
almost identical. Within this 17 day period the mineral- and choline- 
deficient rats of Group IVb lost about 10 gm. each. At the same time, 
there occurred a steady diminution in liver fat concentration and in the 
absolute amount of fat in the liver. This cannot be attributed to the poor 
appetite of these animals, since the rats in Group IIId showed an actual 
increase in liver fat and liver fat concentration during this period although 
their food consumption was limited to that of the members of Group IVb. 
This is quite similar to the results obtained earlier, when the effect of 
progressive thiamine deficiency on the liver fat of choline-deficient animals 
was studied (5). 

The growth of choline-deficient rats has now been depressed by six 
independent techniques, thiamine, riboflavin, pantothenic acid, methio- 
nine, and mineral deficiencies and excessive nicotinamide feeding. In 
each instance the characteristic fatty livers of choline deficiency have failed 
to appear. These data would seem to warrant the conclusion that choline 
deficiency can only result in fatty liver formation when all other dietary 
factors are present in sufficient concentrations to permit at least slow 


growth. 


SUMMARY 


Young male rats fed a low protein, high fat diet deficient in choline 
and minerals grew slowly for 2 weeks and at the end of this time their 
livers were moderately fatty. In the following 2 weeks the animals 
declined in weight and the liver fat content returned towards normal. 
These effects were not due merely to the level of food consumption, since 
choline-deficient animals given adequate amounts of mineral salts but 
whose food consumption was restricted to that of the mineral-deficient 
animals continued to grow slowly and developed markedly fatty livers in 
the same period. 


The author’s thanks are due to the John and Mary R. Markle Founda- 
tion for its support of these studies and to Merck and Company, Inc., 
of Rahway, New Jersey, for the supply of crystalline vitamins used in 
this work. 
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THE CHEMISTRY OF MOLD TISSUE 


XVI. ISOLATION OF FUNGUS CEREBRIN FROM THE MYCELIUM OF 
ASPERGILLUS SYDOWI* 


By NESTOR BOHONOS anv W. H. PETERSON 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, February 12, 1943) 


In the course of investigations (1-3) dealing with the nitrogen constitu- 
ents of the mycelium of Aspergillus sydowi, an insoluble residue was ob- 
tained after autolysis and extraction with dilute sodium hydroxide. Dur- 
ing the extraction of this residue with ether for several days, a precipitate 
gradually accumulated in the boiling flask. Repeated crystallizatiqn of the 
precipitate gave a product of constant melting point and apparently high 
molecular weight. From a study of its properties, derivatives, and deg- 
radation products, it appears to be identical with a compound first ob- 
tained by Zellner (4) from the mushroom, Amanita muscaria, which he 
named ‘fungus cerebrin.”” This compound has also been isolated from 
other mushrooms, Hypholoma fasicular (4, 5) and Marasmius scorodonius 
(6), from the bracket fungus, Polyporus pinicola (7), and from yeast (8-10). 
Reindel et al. (8, 9) worked over large quantities of extraction residues from 
-the commercial production of ergosterol and obtained enough material for 
an extensive investigation covering nearly a decade of work. From their 
data they (9) deduced the structural formula, 


Ci;Ha © CHOH:- CH- CHOH.- CH- CH, OH 
HN-CO-CHOH- CyuHe 


The data that have been obtained for the crystalline material from A sper- 
gillus sydowi agree well with those reported by Reindel and associates for 
fungus cerebrin, and thus add another material, mold mycelium, to the 
sources of this compound. 


EXPERIMENTAL 


Isolation—The mold was grown and autolyzed as described in a previous 
paper (1). The insoluble residue after autolysis was extracted several 
times with 1 per cent sodium hydroxide (3), washed first with 1 per cent 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by a grant from the Wisconsin 
Alumni Research Foundation. 
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acetic acid, then with water, and finally dried. The product was ground to 
a very fine powder and extracted with ether in a Soxhlet extractor. Dur- 
ing the extraction a white precipitate formed in the boiling ether and in- 
creased in quantity for many days. (With a Soxhlet apparatus of 1 
liter capacity 1 month was generally required for complete extraction.) 
The precipitate was filtered off and washed with a little ether to remove 
ergosterol and fatty acids. The yields of this crude product (m.p. 118- 
132°) varied from 0.1 to 0.4 per cent of the dry mold. It was partially 
purified by several recrystallizations from alcohol. 

When alkali-extracted unautolyzed mold was extracted with ether, there 
was no precipitate in the ether. This indicates that the compound is 
bound to other components of the mycelium and is set free by autolysis. 

Acetylation—2 gm. of the crystals just described, 7 ml. of acetic anhy- 
dride, and 1 ml. of pyridine were heated on a steam bath for 2 hours. The 
excess ‘acetic anhydride was decomposed with water in the usual manner, 
and the precipitate which formed was filtered, washed with water, and 
dried. The product was dissolved in ether, the solution was filtered, and 
the ether removed under reduced pressure. The acetate was recrystallized 
ten times from methanol before a constant melting point of 67.0-67.5° 
was obtained. (Reindel reported a melting point of 67-68°.) Yield 1.6 
gm. This acetate is very soluble in benzene, ether, and chloroform, and is 
slightly soluble in ethyl and methyl alcohols. The specific rotation, com- 
position, and molecular weight were as follows: 

[a]? = +20.6° (a = +1.89°, 1 = 2dm.,c = 4.6, CHCl, 23°) 
CssHinOsN. Calculated. C 71.44, H 11.13, N 1.54 
Found. *€ 71.05, 70.89; H 11.14, 11.24; N 1.60 

Molecular W eight—0.444 and 0.971 gm. of compound in 13.04 gm. of benzene raised 
the boiling point 0.189° and 0.413° respectively. Mol. wt., found, 923, 921; calculated 
for Csa4HO~N , 907 


Hydrolysis of Acetate—10 ml. of 0.3877 N alcoholic KOH and 5 ml. of 
ethanol were added to 0.545, 0.497, and 0.505 gm. samples of the acetate 
and refluxed for } hour. The alcohol was removed in vacuo, and CO,-free 
water was added. The contents of the flasks were titrated to an end-point 
with phenolphthalein, stoppered, allowed to stand overnight in order to 
permit any occluded alkali to diffuse out, and titrated again. The total 
amounts of alkali required for hydrolysis of the three samples were 6.58, 
5.96, and 6.14 ml. respectively. The corresponding saponification equiva- 
lents were 214, 215, and 212. Calculation for Cs;Hjo,O.N as a tetraacetate 
equals 226. 

Attempts to hydrolyze only part of the acetyl groups on the molecule 
were unsuccessful. Treatment of the acetate in a 1:1 ether-alecohol mix- 
ture with NaOH equivalent to one-fifth of the acetyl groups in the sample 
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resulted in complete hydrolysis of the compound and separation of the free 
compound in the form of fine needles. Upon recrystallization from aleohol 
the product melted at 142.5-143°. Reindel gives the melting point of 
fungus cerebrin as 143-143.5°. Purification through the acetate proved to 
be the best method for preparing the pure compound. The specific rotation 
and composition were as follows: 

la)? = +11.9° (a = +0.24°, | = 2dm.,c = 1.01, pyridine, 22°) 


CywHos0;N. Calculated. C 74.69, H 12.72, N 1.89 
Found. ** 74.92, 74.63; H 12.73, 13.13; N 1.92 


Chemical Properties—The compound was only slightly soluble in metha- 
nol, ethanol, chloroform, carbon tetrachloride, acetone, ether, or benzene at 
room temperature but it was quite soluble in pyridine. 

The compound was degraded when heated at 235°. Water was driven 
off, leaving a product that was very soluble in ether and chloroform but 
insoluble in methanol. On purification from a mixture of chloroform and 
methanol, the product softened at 71° and melted at 74-75°. It gave a 
positive test for unsaturation with tetranitromethane and took up bromine 
from a chloroform solution. Neither the free compound nor its acetate 
gave these tests. As this product appeared to have no advantage over the 
free compound for purposes of characterization, it was not investigated 
further. 

When HCl gas was passed through a cold suspension of the compound in 
acetone, it dissolved very readily. The conditions of this experiment are 
suitable for formation of isopropylidene derivatives. As we already knew 
there were several hydroxy] groups, it appeared possible that some were on 
adjacent carbon atoms. This possibility was confirmed when a test was 
made with lead tetraacetate. 

The compound was labile to refluxing in alcoholic n HCl, and this 
property was used in the later degradation studies. 

Oxidation with Lead Tetraacetate—1 gm. of finely ground compound was 
dissolved in 75 ml. of dry chloroform at 40-50°. A solution of 0.6 gm. of 
lead tetraacetate in 20 ml. of dry chloroform and 0.5 ml. of acetic acid was 
added over a period of 30 minutes. The solution was kept at 40-50° and 
stirred continually during the addition. After it was held at 40-50° for 
another half hour, the lead acetate which had precipitated was filtered off, 
and the filtrate was concentrated to dryness in vacuo. The residue was 
extracted three times with 10 ml. volumes of petroleum ether (b.p. 20-40°). 
The petroleum ether-soluble fraction will be referred to as Fraction A, and 
the petroleum ether-insoluble fraction will be referred to as Fraction B. 

The petroleum ether was removed from Fraction A, leaving 0.4 gm. of 
waxy residue with a strong paraffin-like odor. This melted at approx- 
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imately 30°. A 100 mg. aliquot in 2.5 ml. of ethanol was added to a 
suspension of 50 mg. of 2,4-dinitrophenylhydrazine in 7.5 ml. of ethanol. 
This was refluxed for 2 minutes, 0.1 ml. of concentrated hydrochloric acid 
was added, and refluxing was continued for 15 minutes. 2.5 ml. of water 
were added and the solution became cloudy. On cooling, a deposit of fine 
needles was obtained. These were filtered and washed with 50 per cent 
alcohol. After three recrystallizations from alcohol the orange-colored 
dinitrophenylhydrazone melted at 94-95°. (Reindel reported a melting 
point of 93.5-94°.) Yield 90 mg. 


CooHyeN 4O,. Calculated. C 62.86, H 8.57, N 13.33 
Found. ** 63.14, “* 8.39, ‘* 13.34, 13.38 


This corresponds to a carbonyl compound of formula C,H ,O and it is 
apparently the same as that isolated by Reindel et al. The remainder of 
Fraction A, a waxy solid, gradually increased its melting point on standing. 
This was no doubt due to the formation of a trimer as reported by Reindel. 

Acid Hydrolysis of Fraction B—The petroleum ether-insoluble fraction 
from the lead tetraacetate oxidation was washed with water and dissolved 
in a mixture of 90 ml. of methanol and 10 ml. of concentrated HC! and 
refluxed for 6 hours. When this was cooled, the precipitate was filtered 
and washed with methanol-HCl. After two recrystallizations from 
methanol, this ester melted at 68-71°. Yield 0.44gm. This was dissolved 
in a small amount of petroleum ether, filtered, and the solvent was removed 
invacuo. A solution of this compound in 35 ml. of ethanol containing 4 ml. 
of 0.35 N alcoholic KOH was refluxed for 1 hour. After cooling, the solid 
that separated was filtered off and washed with alcohol and ether. It was 
dissolved in 15 ml. of hot acetic acid and on cooling the free acid separated. 
After several recrystallizations, the acid melted at 102.5-104.5°. Reindel 
et al. report the melting point of a corresponding product derived from 
cerebrin as 103—105°. 


CopsH 20s. Calculated. C 75.72, H 12.62 
Found. ** 76.22, 75.19; H 12.52, 12.27 


The ammonium salt was prepared by passing ammonia gas through an ether 
solution of the acid and analyzed. 


CuHss0;N. Calculated, N 3.19; found, N 3.17 


When 50 mg. of the acid were heated in a sealed vial with 100 mg. of 
anhydrous chloral at 130° for 4 hours, a chloralide was formed. The excess 
chloral was removed with water and the residue was recrystallized from 
acetone and acetic acid. After many recrystallizations, the melting point 
was 65-66°. The quantity of material was too small for further recrystal- 
lization. Reindel (8) reports a melting point of 67-68° for his derivative. 

50 mg. of the acid were dissolved in 5 ml. of glacial acetic acid and heated 
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on the steam bath. An equal weight of lead tetraacetate in 2 ml. of acetic 
acid was added in small portions over a period of l hour. The solution was 
heated for an additional half hour and then most of the acetic acid was re- 
moved in vacuo and water was added. The insoluble material was ex- 
tracted with acetone. The acetone was removed and the semicarbazone of 
the aldehyde was formed after 14 hours of refluxing in methanol with 50 
mg. of semicarbazide hydrochloride and the appropriate amount of po- 
tassium hydroxide. The semicarbazone was recrystallized many times 
from methanol and ethyl acetate. After the sample had become too small 
for further purification, its melting point was found to be 113.5-114°. 
Reindel et al. give the melting point of their semicarbazide as 115-115.5°. 
Although these last two derivatives were not further purified and analyzed, 
the data indicate that we had the same hydroxy acid as was reported by 
Reindel et al. 

The filtrate from the acid hydrolysis of Fraction B after removal of the 
ester of the hydroxy acid was concentrated to a small volume and taken up 
in water. After it was refluxed with 2,4-dinitrophenylhydrazine, in alco- 
holic solution, a very small amount of an orange-brown compound was 
formed. This decomposed at 270—280° but was not purified. It is prob- 
ably the same as the dinitrophenylhydrazone of C,HsO; reported by Rein- 


del et al. 
SUMMARY 


A crystalline lipid, believed to be identical with fungus cerebrin, has been 
isolated from the mycelium of Aspergillus sydowi, in yields of from 0.1 to 
0.4 per cent of the dry mold tissue. The lipid was obtained by ether ex- 
traction of the insoluble material that remains after autolysis and alkali 
extraction of the mycelium. The compound appears to be bound in the 
mold tissue, as it could not be obtained from unautolyzed mycelium. 

After repeated crystallization of the compound, a study was made of its 
properties, acetyl derivative, and degradation products. The analytical 
data on the free compound and its tetraacetate denote the formula CygH43- 
O;N. Cleavage of the molecule with lead tetraacetate produced a carbonyl! 
compound, C;.H2O, and a product which on hydrolysis yielded a hydroxy 
acid CosHs303. Also some evidence of the existence of a third decomposition 
product, possibly C,H;O3, was obtained. These data conform to the struc- 
ture C,;Hs, -CHOH - CH-(CHOH-CH,-CH,OH)-NH-CO-CHOH -CyuHao 
proposed by Reindel et al. (9) for fungus cerebrin. 
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LETTERS TO THE EDITORS 





CHEMICAL AND BIOLOGICAL ASSAYS OF THE NICOTINAMIDE- 
LIKE SUBSTANCE FORMED IN HEATED MIXTURES OF 
ASPARAGINE AND GLUTAMIC ACID 


Sirs: 


It has been reported previously that heated mixtures of asparagine and 
glutamic acid can replace nicotinamide as a growth factor for certain micro- 
organisms,' but no evidence as to the chemical nature of the reaction product 
could be obtained because of the very small quantities formed. It is now 
possible to produce this substance in concentrations sufficiently high to 
demonstrate that chemically as well as biologically it shows properties of 
nicotinamide. 

A neutral solution containing 10 gm. each of asparagine and glutamic 
acid, 20 mg. of FeSO,-7H,0, and 30 mg. of MnSO,-4H,0 in a volume of 200 
ml. was heated for 8 days in a stream of oxygen at 100°. The solution was 
then extracted with ether for 48 hours. The extracted material, after 
removal of the ether, was dissolved in 15 ml. of 0.05 m phosphate buffer, 
pH 7, and reextracted with ether. The second extract was dried and dis- 
solved in 17 ml. of water. It contained over 90 per cent of the original 
growth-promoting activity and is referred to as Solution 190C. 

Certain other amino acids can substitute for glutamic acid in the produc- 
tion of nicotinamide activity; the most active of these is methionine.* 
Therefore, a similar experiment was carried out with 10 gm. each of methio- 
nine and asparagine, except that the two were heated in a stream of air for 
only 5 days. The water solution of the material obtained from the final 
ether extract, Solution 270C, had a volume of 8.5 ml. 

The two solutions were analyzed for nicotinamide biologically with 
Lactobacillus arabinosus by the previously described modification! of the 
method of Snell and Wright,* and chemically by measurement of the color 
developed with cyanogen bromide and aniline.‘ Chemical analyses were 
made both before and after hydrolysis. Nicotinamide was used as standard 
in the former case, nicotinic acid in the latter. The results are given in the 
table. Since the chemical method has shown a reproducibility of +3 per 
cent and the biological of +5 per cent, the three values for each solution 
must be considered to be essentially the same. 


1 Bovarnick, M. R., J. Biol. Chem., 148, 151 (1943). 

* Bovarnick, M. R., unpublished observations. 

* Snell, E. E., and Wright, L. D., J. Biol. Chem., 139, 675 (1941). 
* Melnick, D., and Field, H., Jr., J. Biol. Chem., 134, 1 (1940). 
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While the chemical method is not specific, different pyridine compounds 
do give varying amounts of color in the cyanogen bromide-aniline reaction, 
Even the change from nicotinic acid to nicotinamide produces a nearly 3- 
fold reduction in color intensity per unit of weight. Therefore, the good 
quantitative agreement between the three assays on the solutions obtained 


Comparison of Chemical and Biological Analyses for Nicotinamide 


Nicotinamide 


: 3 ‘ Chemical assay (nicotinamide 
Solution No. . . as standard) 
Bioassay with c! 


&, sateneses Before After 
hydrolysis hydrolysis 


mg. per mi. mg. per mi. mg. per mi. 
190C. From asparagine-glutamic acid re- 
action 0.90 
270C. From asparagine-methionine reac- 
tion 


0.91 0.92 


0.82 0.84 0.83 


from both reactions would seem to be strong evidence in favor of the as- 
sumption that nicotinamide is the active compound formed. This is further 
strengthened by the well known biological specificity of nicotinamide and 


of nicotinic acid.® 
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